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Kurzfassung

Im Hinblick auf mégliche zukiinftigéAnderungen des Meeresspiegels sind Untersuchungen
der Oberflachenmassenbilanz der polaren Eisschilde amezentralen Punkt glaziologischer
Forschung geworden. Dennoch ist die Massenbilanz deskéiatdnen Eisschildes nicht hin-
reichend genau bekannt, wodurch sich grof3e Unsicherhgitder Abschatzung des Meer-
esspiegelanstiegs im 21. Jahrhundert ergeben. Die vendgArbeit leistet einen wichtigen
Beitrag durch die Analyse neuer Daten von Schneeakkuroulaind stellt neue Erkenntnisse
uber lokale Effekte vor, die die Akkumulationsverteilubgeinflussen. Ziel der Arbeit ist es,
ein umfassendes Bild der raumlichen Verteilung der Akklation auf der Skala von einigen
zehn Kilometern zu erhalten, sowie von zeitlichen Variaio sowohl auf jahrlicher als auch
auf dekadischer Skala. Zu diesem Zwecke wurde Profile méneihochfrequenten Boden-
radar gemessen und flache Firnkerne erbohrt. Das Untenmsgsgebiet konzentriert sich auf
die gegrundeten Kustengebiete des Dronning Maud Lamd#ésriOstantarktis, die zugleich im
Mittelpunkt neuer Satellitenmissionen stehen. Gerad&dstengebiete reagieren empfindlich
auf globale Klimaveranderungen, jedoch ist ihre Akkurtiolasrate auf lokaler und regionaler
Skala bislang nicht sehr gut durch globale Zirkulationselledoder regionale Klimamodelle
reprasentiert. Daher sind Feldmessungen der Akkumualaba entscheidender Bedeutung.

Die Akkumulationsraten auf dem Potsdamgletscher im kiigteen Bereich des zentralen
Dronning Maud Landes weisen ein undulierendes Muster umell@dhe raumliche Variabilitat
auf: Die einfache Standardabweichung betragt nahezu 58s%/idtelwertes von 140 kg nf a1
fur den Zeitraum von 1970-2004. Die zeitlichen Variatioa@f der Zeitskala von Dekaden be-
tragen lediglich einige Prozent, abgeleitet aus den gabeten Mittelwerten der Akkumu-
lationsraten. Jahrliche Schwankungen der Akkumulatetesfallen deutlich hoher aus, da
die Firnkernanalysen Standardabweichungen von 30-40 %/dedwertes der Akkumula-
tion fur die jeweiligen Kerne aufweisen. Eine statists&nalyse der raumlichen Akkumula-
tionsverteilung macht die hohe Periodizitat des Akkuriafesmusters mit Wellenlangen von
5 km und Amplituden von 10 m deutlich. Dies lasst den Schiwsgdald die hier beobachtete
Akkumulationsverteilung derjenigen gleicht, wie sie voendMegadiinen auf dem ostanta-
rktischen Plateau bekannt ist, auch wenn die Dinen auf detsd@mgletscher weder die
raumliche Ausdehnung noch die extreme Morphologie derddégen aufweisen. Analog zu



den Megadunen lasst sich die Entstehung der auf dem Pogetscher beobachteten Struk-
turen sehr wahrscheinlich durch ein spezielles Riuckkopgsystem zwischen Atmosphare
und Kryosphare erklaren. Das Auftreten von diinenantigadulationen wie die in dieser Ar-
beit diskutierten ist von Bedeutung fur Firnkernbohrumgekiistennahen Gebieten sowie fur
die Fernerkundung von Eismassenanderungen.

Das zweite Untersuchungsgebiet im westlichen DronningdMaand, in der Nahe der Kot-
tasberge am Fusse des polaren Plateaus, weist eine germagerliche Variabilitat der Akku-
mulationsrate auf. Hier betragt die Standardabweichedgglich 5-10 % des Mittelwertes
von 190 kg m? a1 (1980-2005). Allerdings sind in diesem Gebiet die zeitlicVariatio-
nen hoher, sei zeigen Werte von 16 % auf dekadischer SKaje)eitet aus den Mittelwerten
der Akkumulation im Untersuchungsgebiet. Die jahrlici&echwankungen betragen wie auf
dem Potsdamgletscher ca. 30 %, wie sich aus der Firnkegysnaltgibt. Der Vergleich von
raumlichen und zeitlichen Variationen entlang eines Raadils auf einer Gletscherfliel3linie
macht eine schwache Korrelation deutlich, wie sie ebenfallf dem Potsdamgletscher zu
beobachten ist. Dieses Ergebnis deutet an, dal3 die zeitlibifferenzen der Akkumulation-
srate auf der Skala von einigen zehn Jahren dort am grosstdnwo auch die raumlichen
Differenzen auf der Skala von einigen 100 Metern bis zu wemil§ilometern ein Maximum
aufweisen.

Die hier vorgestellten Ergebnisse sind wichtig fur diei@rung von Eismassenanderungen,
die aus Satellitendaten abgeschatzt werden und die dakeniehrere 100 Kilometer gemittelt
sind und somit keine kleinraumlichen Einflusse erfasdeautliche raumliche Variationen in
der Akkumulationsrate wie diejenigen auf dem Potsdamghetsbeeinflussen sehr wahrschein-
lich das Schweresignal z.B. der Satellitenmission GRACEs2eigt die Notwendigkeit der
Validierung von Satellitendaten mit bodengestitztendvegen, wie sie in dieser Arbeit disku-
tiert werden.



Abstract

In light of possible future sea-level change, investigatid surface-mass balance of the po-
lar ice sheets has become a major concern of glaciologisakreh. Yet Antarctica’s total
surface-mass balance is still not accurately determinedtjimg up for the largest uncertainties
of predictions regarding sea-level rise in thé2&ntury. This study contributes new data sets of
recent snow-accumulation rates and provides insight ial isatures affecting the small-scale
distribution of accumulation. The aim of the work is to eéiteba detailed picture of spatial
accumulation variability on the scale of some tens of kiltere and of temporal behaviour
on interannual to decadal scales. To this end, high-freqjuground-penetrating radar profil-
ing and analyses of shallow firn cores have been utilized.arba of investigation focuses on
coastal regions of Dronning Maud Land, East Antarcticaciviaire likewise in the focus of new
satellite missions. The coastal regions are susceptilgtmal climate change but the local to
regional-scale variability of accumulation is not well aglssed by general circulation models
or regional climate models, thus making it necessary toiolatad analyze field data.

The accumulation rates on Potsdam Glacier in the coastabpaentral Dronning Maud
Land have been found to show an undulating pattern, exhgb#ione-fold standard deviation
of nearly 50 % around a mean value of some 140 kg ! for the time period 1970-2004.
Temporal variations on decadal scales obtained from theside mean values are only a few
per cent, but inter-annual variations derived from dated dores are high, showing values
between 30—40 % of the core means. Statistical analysisatibdpccumulation series reveals a
high periodicity of these undulations with a wavelength &fband amplitudes of 10 m, leading
to the conclusion that the features are similar to the megagliknown from the polar plateau,
although they lack the spatial extent and the extreme snovpmatogy of the latter. Thus,
the features are likely explicable by a feedback system d&tvatmosphere and cryosphere.
The presence of dune-like features as those revealed bsttigig has implications for firn-core
drilling at these coastal sites and for remote sensing effnass changes.

Another test site in western Dronning Maud Land, near Kbeeage at the foot of the polar
plateau, shows less spatial variability, only 5-10 % arcaintean value of 190 kgnf a1 (1980—
2005), yet the temporal variations are higher with valuesso¥ on decadal scales and likewise
about 30 % on interannual scales obtained from firn cores.paanmyg spatial and temporal vari-
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ations on an along-flow radar profile reveals a weak coraelativhich is likewise found for the
corresponding radar profile on Potsdam Glacier. This obsiervindicates that the largest tem-
poral differences on decadal scales tend to occur whergbyatiability on the scales of some
hundreds of meters to several kilometers is highest.

The results presented here are valuable for the validatisatellite-derived ice-mass changes,
which are usually averaged over several hundreds of kileraetnd do not capture small-scale
variability. Spatial variations in accumulation rateslasse reported from Potsdam Glacier are
likely sensed by gravity missions like GRACE, emphasizimg necessity of ground-truthing,
as provided by this study.



Chapter 1
Introduction

This chapter comprises a short general description of Afitar, focusing on the continent’s
mass balance. Relevant terms are introduced and methotiseiormeasurement are given,
followed by recent results and implications.

1.1 Antarctica and its mass balance

Albeit remote, Antarctica is capable to significantly infige the Earth’s climate and is itself
very sensitive to global-climate change. It is not only tleédest, but also the driest and the
highest continent, with precipitation of some 50 mnt & the vast interior lonaghan et al.
2006a] and elevations up to 4000 m above sea level (a.shg.tfickness of the ice cover in
the interior is about 2500 m, reaching a maximum of 480QLytHe et al, 2001]. Antarctica
is surrounded by the global oceans, influencing their sglismd circulation on global scales
[Goosse and Fichefet 999, and references therein].

The Antarctic ice sheet holds about 90 % of the Earth’s icajvadent to 70 % of the fresh
water reservoir. If completely melted, this would rise sazel by some 60 m [e.dAlley et al,
2005]. Due to the obvious environmental and societal ingganbnitoring of Antarctica’s ice
mass and its changes plays a crucial role in glaciologisalaech [among otheW§ingham et al.
1998;van der Veen2002; Thomas et a).2004;Alley et al, 2005;Church and White2006].
Projected sea-level rise by the end of thé' 2&ntury is 0.3:0.4 m in response to additional
global warming Alley et al, 2005, and references therein] with the largest errorgngrisom
the uncertain Antarctic contribution. Thus, a modest irabaé of the Antarctic ice sheet may
cause a major change in sea level and an acceleration ofssaite which currently amounts
to 1.5-2 mm a' [Bamber 2004]. Moreover, it could also determine the sign of fusga-level
change.

The last years have therefore seen increasing efforts taiagahe possible contribution of
the Antarctic ice sheet to global sea-level change. Unifatiely, today neither the net Antarctic
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mass gain nor its loss can be determined accurately enoulghit@ clear predictiondpughan
2005], although several regions have been reported to béisantly out of balancean den
Broeke et al.2006]. In light of these uncertainties and their impactgloal sea-level change,
knowledge of the variability of the Antarctic surface-mas¢ance on different spatial scales is
of major importance.

1.2 Mass balance and surface-mass balance

Mass balancgMB) refers to the net ice-mass gain or loss by biasing aluirgnd output
contributors of snow or ice mass with a MB of zero referringtpuilibrium conditions. Thus,
MB is generally calculated as difference between input amghut mass fluxesHignot and
Thomas 2002]. However, accurate determination of the mass fluxesili largely difficult
[Zwally et al, 2005].

Mass is mainly gained by freezing water beneath the ice sk@ud by precipitation, most of
which falls as solid snow. Only in small stripes along theste@and on the Antarctic Peninsula
occasional rain fall occurs. In the Antarctic interior, atesky precipitation, or diamond dust,
the mechanism of which is not fully understood yed de Berg et al.2006], may contribute
significantly to mass gain. The main contribution to massawahstems from ice-flow across
the margins of Antarctica and subsequent basal meltingraedéh the ice shelves as well as
from iceberg calving at their ice fronts.

Surface-mass balan¢€MB) can be written as/gn de Berg et al.2005;King, 1996]

SMB=Ps— SU— M — ERys— SUs (1.2.1)

wherePs denotes solid precipitatiosU sublimation from the surface (sometimes also referred
to as evaporation, since evaporation largely consistsrédae sublimation in AntarcticdJéry
and Yay 2002]),M melt (i.e., surface melt) and runoff,Rys erosion due to divergence in hor-
izontal snow transport, an8lys snowdrift sublimation. Note that onks adds mass, whereas
the other terms remove mass and are therefore negative atiggl.2.1). All terms are usu-
ally given in mm w.e. (water equivalenty % which is equivalent to the unit kg nd a 1. The
terms MB and SMB are not used concisely in literature. HeMBSlenotes the sum of all
surfaceprocesses, as given above. If not mentioned otherwiseegitsréo the entire Antarctic
ice sheet. On the other hand, MB addresses the sathicE-mass changes, including dynamic
effects from glacier flow and subsurface processes.

Snow accumulation, hereinafter referred toaasumulation denotes all processes adding
snow mass to the surface in a certain area, i.e., precipitatid redistribution of freshly fallen
snow by wind influenceRaterson 1994]. Accumulation can be determined locally by in-situ
measurements - see chapter 3. Note that the term accunmudestiosed in the publications of
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this study (Paper I-lll) and in several others refers to theiiu determined accumulation rates,
meaningnetaccumulation averaged over a certain time period in theats@ study area.

Ablationis defined as the sum of all processes removing mass from tfeespuconsisting
of the negative terms in Equation (1.2.1), as explained @b8ublimation is mainly controlled
by temperature, which depends strongly on elevation. Redlig katabatic winds also influ-
ence sublimation. In Dronning Maud Land, sublimation resohp to 200 kg m? a~! [van de
Berg et al, 2005], thus significantly contributing to the SMB. Snowdsublimation has been
reported to remove about 10-20 % of the annual accumulatiaoastal regionsHintanja,
1998]. The Antarctic interior experiences much less sndwsliblimation, due to lower tem-
peratures and less intense winds. Surface melt occurs ooaly in Antarctica, mainly in
regions adjacent to the coast, on ice shelves, and on thechnt®eninsulaTorinesi et al,
2003]. In Dronning Maud Land, surface melt plays generallyiaor role and can thus be
neglected Zwally and Fiegles1994]. Some authors even restrict surface melt and runoff t
the northernmost parts of the Antarctic Peninsula ongn[den Broeke and van Lipzig003].
Divergence from horizontal snow transport is difficult tcagtify, but has been reported to con-
tribute locally to SMB, patrticularly in the coastal ared3éry and Yay2002] estimate that
surface sublimation and snowdrift together remove 17-20f ¥he annual precipitation over
Antarctica.

1.2.1 Influences on surface-mass balance

SMB as well as accumulation rates have been shown to varipdoaegionally in Antarctica
[e.g. Richardson-Mslund 2001;Spikes et a).2004;Eisen et al. 2005;Frezzotti et al, 2005].
In general, accumulation decreases with distance fromdhst@and with decreasing temper-
ature [e.g.Giovinetto et al. 1990; Richardson-Mdslund 2001]. The interior parts of Antarc-
tica receive less moisture than the areas in the vicinitjhefdcean. In the interior, katabatic
(i.e., gravity driven) winds dominate the wind regime, éoling the surface slopeRgrish and
Bromwich 1991]. In coastal areas, katabatic winds also follow teesislopes, but these re-
gions are characterized by the occasional presence ofaksahat are capable to modify wind
flow locally [Jonsson1995]. Furthermore the coastal areas are influenced bypsigneeather
systems which do not penetrate far inland enough to reaclpdle plateau. In Dronning
Maud Land coastal areas are marged by mountain chains aatistion to the polar plateau.
Precipitation is higher at the foot of those mountains, éfage these parts experience more
accumulation, whereas the plateau region receives faptesgitation.

Yet accumulation is not only influenced by precipitation #mas by general weather systems
but also by the interaction between near-surface wind patiad surface topograph¥ing
et al, 2004]. Accumulation maxima tend to be located in local atefelevation troughs and
on the windward sides of surface-elevation undulatiorg Black and Budd1964;Goodwin
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1990; Frezzotti et al. 2005]. Local hills and their leeward sides experience éaslaccumu-
lation, sometimes even ablation. This pattern is attridbtvewind influence from a prevailing
wind direction. Over large areas of the East Antarctic @ata specific feedback system be-
tween atmosphere and cryosphere results in highly regntiulations of accumulation pattern,
leading to the formation of so-called megaduné®fzotti et al. 2002a]. These features are
characterized by wavelengths of a few kilometers and aogses of a few meters, covering
areas of roughly 500 000 KnfFahnestock et a]12000], their subparallel crests extending over
hundreds of kilometers.

Thus, accumulation is a complex function of such paramedsrsontinentality, moisture
source, precipitation regime, temperature, surface sémpkstructure, surface elevation, and
glacier flow. As outlined above, climatic conditions at daésites tend to be more complicated
than on the rather smooth and homogeneous regions of thecfiatplateau, leading to the
higher variability of accumulation features reported imesal studies [e.¢Richardson-Mslund
2001]. Since the coastal parts contribute significantlyh pattern and the total amount of
Antarctica’'s SMB, they are in the focus of several new sig¢ethissions and the respective
ground-truthing campaigns, involving this study.

In principle, bedrock topography is also capable to inflgethe accumulation pattern, since
large-scale surface-elevation features have been reptwtmirror bedrock topography [e.g.
Welch and JacobeR005]. However, in the investigation areas of this stuaytlickness is
generally much larger than 1000 m and the bedrock topograplygnerally rather smooth
[Lythe et al, 2001;Meyer et al, 2005], thus it can be assumed that bedrock influences do not
contribute significantly to the small-scale accumulatianability reported in this study.

1.2.2 Overview of measurement methods

Methods to determine SMB or MB can be divided in large-scalereaches comprising the
whole Antarctic continent or at least large drainage bafgrs Giovinetto and Bentley1985]
and in-situ measurements naturally providing local toaegl-scale values.

The latter consist of point measurements such as firn conesy pits, or stake readings.
Additional ground-penetrating radar (GPR) profiling iseoftused to connect firn-core drilling
sites [among othemRichardson et a).1997;Spikes et a).2004;Eisen et al. 2005]. Such in-situ
measurements consisting of shallow firn cores and GPR mgfdre performed in this study
and will be addressed in section 3 and in the accompanyingrpgPaper I-Ill).

Large-scale estimates of SMB can be carried out by modedirgg, using general circula-
tion or regional atmospheric modelsénthon and Krinngr2001;Genthon 2004;van de Berg
et al,, 2005]. Interpolation of widespread in-situ data has besduo derive maps of distribu-
tion of SMB over the entire ice sheet (see next section).ll8atderived changes in ice-sheet
elevation allow determination of large-scale MB, when agpanied by gravity measurements.



1.3. LARGE-SCALE ESTIMATES OF (SURFACE-)MASS BALANCE 5

Atmospheric models and large-scale compilations fronrpatiation are introduced in section
1.3, followed by recent results, satellite-based appresee discussed in section 1.4.

1.3 Large-scale estimates of (surface-)mass balance

Rignot and ThomagRk002] give three methods to determine Antarctica’s MB:

e The mass-budget method:
This method is valid for the grounded ice sheet and compaeimput from snow accu-
mulation with melt and ice discharge. The difference betwibese contributors describes
the mass budget. Accumulation is usually inferred fromdoee analyses. Melt rates can
be estimated by positive degree-day models or from sa&albtrived brightness temper-
atures Torinesi et al, 2003]. Ice discharge across the grounding line is deriveoh f
ice-flow velocities obtained by interferometric analysisynthetic apertur radar (SAR)
data Pietrich et al, 1999;Joughin and TulaczykR002] or by GPS measurements.

e Elevation change:
Detection of changes in ice-sheet elevation over time beqawssible by satellite altime-
try, like ERS-1/2, Geosat, and ICESat. Elevation changadearanslated into volume
changes, provided that the vertical motion of the undeg\yground due to isostatic ad-
justment and postglacial rebound is known. More infornradibout this method is given
in section 1.4. A detailed discussion of recent mass chaoféstarctica as well as
Greenland using ERS-1/2 data is givendwally et al.[2005].

e Weighing of ice sheets:
This approach is carried out likewise by satellite-bornesueements. The GRACE mis-
sion, maintained by NASA and DLR (Deutsches Zentrum furtLuhd Raumfahrt), pro-
vides measurements of the time-variable gravity field. Coatibn with elevation data
yields estimates of the MBAahr et al, 2000]. This method will likewise be discussed
further in section 1.4.

The distribution of SMB over the entire ice sheet is gengraditimated from large-scale ap-
proaches utilizing modeling and interpolation of field dateodeling usually involves usage of
general circulation models (GCMs) [e@enthon and Krinner2001] or regional atmospheric
climate models [e.gvan de Berg et a).2005], both deriving SMB from the modelled distribu-
tion of precipitation and melt over Antarctica.
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1.3.1 Recent estimates of Antarctic surface-mass balance

Large-scale compilations of SMB have been givenMayighan et al[1999] andGiovinetto
and Zwally[2000]. Prior to these more recent studi@égvinetto and Bentlejd 985] published
a map of SMB distribution, based on several in-situ studrestae delineation of major ice-
drainage basins. They obtain distribution of SMB by positig isopleths of SMB considering
parameters like surface slope, surface elevation, andmabestimates of atmospheric variables
like condensation levels and directions of lower troposighfédow. Thus they derive an aver-
age of 124 kg m? a1 for the grounded ice sheet, 263 kg fra~® for the ice shelves, and
143 kg m2a ! for the whole of Antarctica. Accuracy is reported to-bd 0 %. Giovinetto and
Zwally [1995] derive accumulation distribution from passive roigave data, relating firn emis-
sivity and accumulation rates. Their results suggest ttetdarmer compilation oGiovinetto
and Bentley[1985] underestimates SMB by 12 % for West Antarctica and ®yW3for East
Antarctica.

Vaughan et al[1999] interpolate more than 1800 in-situ measurements ffion cores
and snow pits. They use passive microwave brightness tatyperto control the interpola-
tion. A new elevation model derived from ERS-1 satellitéenaditry is employed to delineate
the boundaries of the drainage basins more precisely thi@nebeThus, they report net sur-
face accumulation of 2288 Gt aor 166 kg m2 a1 for the entire Antarctic ice sheet and
1811 Gt al or 149 kg mm? a1 for the grounded ice sheet with an estimated accuracy of
+ 5 %. Giovinetto and Zwally2000] use practically the same data seYagghan et al[1999]
yet a different interpolation scheme by utilizing visualrpolation of isopleths. Compared to
the previous compilation dbiovinetto and Bentlej1985] they also account for deflation and
ablation adjustment, i. e., mass loss due to wind influendedaie to evaporation and runoff.
The implementation of these adjustments affects the doastas only, constrained to a zone
stretching about 50—-100 km inland from the grounding li@evinetto and Zwalljy2000] thus
derive 2020 Gt al or 149 kg m 2 a1 on average net accumulation for the entire ice sheet (or
159 kg n2 a1 without adjustment). The difference between this and tberatompilation of
Giovinetto and Bentlef1985] in overall net accumulation amounts to 6 kg4 1, however,
some of the drainage basins exhibit much larger differendesace, although the derived over-
all SMB has not changed much due to more accurate compitatiesults for individual areas
become significantly more precise the more in-situ data\sa#eadle and included.

The difference between the calculations/atighan et al[1999] andGiovinetto and Zwally
[2000] considering the entire ice sheet amounts to 268 &teguivalent to about0.7 mm at
global sea-level change, demonstrating that the same elataay lead to different conclusions,
thus affecting predictions of possible future climate ces

Arthern et al.[2006] utilize satellite observations of microwave enogsand in-situ mea-
surements to obtain an map of Antarctic accumulation rdtesir general accumulation pattern
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agrees well with the results aughan et al[1999] andGiovinetto and Zwally2000], yet re-
gionally differences exceed 100 kg fa 1. Arthern et al.[2006] derive an average value of
143+4 kg m? a1 over the grounded ice sheet with an accuracy of some 10e¥de Berg
et al.[2005] use a regional atmospheric climate model (RACMOZIANomprising the com-
ponents precipitation, sublimation/deposition, and mMass loss by snowdrift or snowdrift
sublimation is not accounted for in their model. Integrabedr the grounded ice sheet, their
derived average SMB results as 153 kg% 1, agreeing within 5 % with the measurement
compilations fromvaughan et al[1999]. Moreoveryan de Berg et al[l2006] calibrate the re-
sults ofvan de Berg et al[2005] with the in-situ measurements usedayghan et al[1999],
thus obtaining a calibrated mean SMB of #@kg m 2 a1,

This overview shows that from the earlier compilation givgnGiovinetto and Bentley
[1985] estimates of mean SMB generally increased over thesyees more in-situ data became
available. Although the accuracy of the estimates inciblikewise, interpolations still suffer
from data sparsity. Therefore, continuing efforts in fieldrilwenlarge the available data base
and contribute to constraining future large-scale models.

1.3.2 Uncertainties and implications

Generally, the large-scale compilations neglect smallesgariability and present results av-
eraged horizontally over 50 to some 100 km. As explainedreefmccumulation is subject to
local and regional variations, especially in the coastahsr Interpolation of point measure-
ments for large-scale maps therefore requires some kngeletithe spatial representativity
of the values, which is likely rather smalRjchardson-Mslund 2001]. Implementation of
measurements covering different time periods may obsthe&tesults of large-scale compi-
lations since long-term trends and short-term temporabbdity are mixed. Recent studies
revealed that interannual variability of precipitatiorcansiderable, with common fluctuations
of £20 kg 2 a1 [Monaghan et al.2006b]. Inclusion of accumulation records covering
very short time periods therefore might likely lead to bssethe derived compilation.

Moreover, the large-scale approaches have been shownrestiveate SMB in coastal areas
[van de Berg et al.2006], where the GCMs likewise show bias€sehthon 2004]. Yet these
regions are especially sensitive to global climate chaGgafhon and Krinner2001], therefore
accurate knowledge of accumulation pattern in the coastalsas relevant for climatological
research.

Large-scale compilations do not capture the variabilityamfal climatic influences suffi-
ciently due to their grid-cell size. Satellite-based aptees (discussed in the next section)
likewise suffer from averaging over large areas. In lighthaf biases in GCMs and other large-
scale approaches in-situ measurements are required fdatrah.
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1.4 Satellite-based approaches

This section describes the satellite-based approachetd¢omtine Antarctica’s MB, comprising
a short description of methods and recent results as welhesrtainties and implications.
Furthermore the VISA project, forming the framework of teiady, is introduced, followed by
the outline of the specific goals of this study.

1.4.1 Determination of ice-mass changes

Satellite-based approaches to derive changes in ice n@sdénaltimetry and gravity missions.
ESAs European Remote Sensing (ERS)-1/2 mission (ERS-21-48000, ERS-2: launched
1995), carries among other devices a synthetic apertues eantl a radar altimeter. ERS yields
information about the ice-sheet elevation and its changes\Wingham et al.1998], however,
these satellites cover only areas up to latitudes 6f80l and do not give reliable results over
the steep slopes that widely dominate the grounded coasts.d/aughan 2005;Zwally et al,
2005]. NASA's ICESat (Ice, Cloud, and Land Elevation Sats)l] launched in 2002, carries on
board the Geoscience Laser Altimeter System (GLAS), maastire surface elevation by laser
altimetry. GLAS'’s footprint is small, only 60 m on averagedaspaced at 172 m along-track,
enabling an averaged accuracy of 15 ciwdlly et al, 2002]. Thus, high-resolution mon-
itoring of surface-elevation changes is possible. Surtdeeation changes are equivalent to
ice-thickness changes minus the vertical motion of the tyidg bedrock due to postglacial
rebound. Furthermore, short-term changes introduced bgtvans in near-surface firn com-
paction must be taken into accou@wally and Li 2002]. The ICESat mission is dedicated
to give a temporal and spatial coverage of ice-sheet suei@vation such that interannual and
long-term elevation changes can be obtained with an acgwfac 1.5 cm a® for spatial av-
erages over areas of 100 km x 100 km. Vertical resolutionlvesachanges of about 10 % of
the accumulation rat&vally et al, 2002]. ICESat data provide coverage up to at lea$S38

of the polar regions but does not penetrate cloud coverghwdre particularly present near the
coasts.

The upcoming CryoSat-2 mission, which is scheduled to bedaed in 2009 after the fail-
ure of CryoSat-1 in 2005, will cover latitudes up to°88/N, monitoring precise changes in
thickness of polar glaciers and floating sea ice using a apexar altimeter. More information
about CryoSat and its deliverables can be fountVingham et al[2006]. Together, ICESat
and CryoSat-2 will provide detailed data sets of ice-shémtation. Thus, data sets already
available from ERS-1/2 are expected to be extended by th&&€CBnd CryoSat-2 missions.
However, from satellite altimetry alone one cannot digtish between changes in elevation or
in density of the firn column, as firn compaction influencesdigmal sensed by the satellites.
Furthermore, postglacial rebound also affects the iceaéiten changes derived from satellite
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observationsHiuybrechts and Le Meyd 999]. Thus, additional information is mandatory.

Another approach to yield ice-mass changes involves gramgasurements, as gravity is
linked directly to mass. Time-variable gravity data arevied by the Gravity Recovery and
Climate Experiment (GRACE) missiofigpley et al. 2004a], continuously mapping the grav-
ity field up to latitudes of 8%5/N. Monthly solutions are provided by Geoforschungszentr
(GFZ) Potsdam, Germany, and Center for Space Research (G&RB3$, USA, consisting of
spherical harmonics, the Stokes coefficients. GRACE dgteaimprises two identical satel-
lites, separated from each other 220 km along-track and linked by a highly accurate in-
tersatellite microwave ranging systerfapley et al. 2004b]. This concept is referred to as
satellite-to-satellite tracking at low-low modBgntley and Wahr1998]. A change in distance,
extracted from the phase measurement of the signal trateshiietween the satellites, implic-
itly contains the influence of the globally integrated massritbution and its movements within
the Earth Tapley et al. 2004b]. GRACE delivers only data of resolution of some 460 k
[Tapley et al. 2004b], hence, the derived ice-mass changes are averagedeveral hundred
kilometers King et al, 2006].

Unfortunately, major ambiguities arise for the interptieta of gravity changes over the ice
sheets, comprising postglacial rebound as well as intei@nrariations in snow-accumulation
rates and in mean atmospheric pressi@entley and Wahr1998]. Concerning isostatic re-
bound, GRACE-derived parameters enable the improvemenbdels regarding the viscosity
of the Earth’s mantle, yet a certain amount of GRACE solgibas to be available for this
method, as well as information about surface elevation fedtimetry. Groundborne obser-
vations of elevation using GPS receivers also add valuadtie for model constraints of iso-
static rebound effects. Moreover, interannual changesi@ivsaaccumulation can likewise be
addressed by GRACEBEntley and Wahr1998], however, they are also averaged over several
hundreds of kilometers. Additional field measurementsthilks be necessary. The contribution
from the atmosphere can be estimated from atmospheric ddtamadels fwenson and Wahr
2002]. Increasing the number of automatic weather sta@ngloyed in Antarctica further
helps to diminish the errors caused by fluctuations of atimesp pressure.

1.4.2 Results and uncertainties

Combination of the results from gravity and altimetry miss yields ice-mass changes. Re-
cent results from the gravity method are given\lgficogna and Wah[2006]. They estimate
Antarctic mass loss to be about -1580 kn? a1, equivalent to 0.40.2 mm a! sea-level rise.
Separated for West and East Antarctica, they derive mass cdt-148-21 kn? a1 for the
West Antarctic ice sheet (WAIS) andt®6 knm? a1 for the East Antarctic ice sheet (EAIS).
Uncertainties are introduced by postglacial rebound aedsthcalled leakage effect, i. e., the
fact that the gravity signal is affected also by mass outsfdbe Antarctic ice sheet. The un-
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certainties from postglacial rebound dominate the erfmwsng an even larger magnitude than
the uncorrected trend from GRACE. Thus, independent mdeis to be employed in order to
decontaminate the GRACE signal from postglacial rebourttiieakage effects. A significant
ice-mass trend does only appear after removal of postglebaund from the GRACE solu-
tions, implying that ice-mass variability and postglagetbound are closely related, yet with
opposite signs\felicogna and Wahr2006]. Long-term postglacial rebound rates will remain
constant over the mission duration (projected for five ydaus expected to yield eight years),
hence, it should be possible to resolve long-term changdéiseimate of mass loss, as more
GRACE data become available.

Chen et al.[2006] likewise utilize GRACE data to determine regiona-imass changes
of West and East Antarctica. They conclude that the WAIS &nigp mass at a rate of -
77+14 km?® a1 whereas EAIS shows mass gain of #806 kn? a 1. Other studies report
approximate ice-mass balance of East Antarctica [Rignot and Thomas2002]. Compari-
son of the results presented Gyen et al[2006] with those fromRignot and Thomag002]
indicate that either snow accumulation increased sigmifigaafter 2002 (i.e., the launch of
GRACE) in this region in comparison to earlier studies, ouamodeled contribution of post-
glacial rebound obscures the resul@hen et al[2006] argue that the latter is more probable,
demonstrating that models of postglacial rebound need tonpeoved over Antarctica. Us-
ing yet another correction for postglacial rebouR&millien et al.[2006] derive an ice-mass
change of -10223 kn? a1 for WAIS and +67-28 knm?® a1 for EAIS. The entire Antarctic
ice sheet is in their study reported to contribute to seatliése by 0.1%0.09 mm al. This is
significantly less than the results presented/eljcogna and Wahf2006], again demonstrating
the necessity for a reliable model of postglacial reboundelsas detailed ground-truthing of
satellite-based approaches.

Horwath and DietricH2006] demonstrate that errors are likely even larger theergabove.
They address errors in the GRACE solution itself (the Staaficients), of which regional
mass variations arise as linear combinations using adéfiegdechniques$wenson and Wahr
2002]. Thus, errors in the solution linearly propagate thiderived mass variations. For this
reason current estimates of Antarctic ice-mass trendsthise published byelicogna and
Wahr[2006] and other studies very likely underestimate erros@ncertainties.

Concludingly, although the aforementioned new satellitgsions yield a better coverage of
Antarctica and more accurate estimates of MB and ice-maesges, it still cannot be deter-
mined at present whether Antarctica as a whole is in or oualafrize. It is currently agreed that
the WAIS is out of balance with a negative mass budget [Ehgmas et a).2004], whereas the
EAIS is believed by some authors to be in balance [Rignot and Thoma002;Velicogha
and Wahr 2006]. Others report increase in elevation and snow actation on the EAIS
[Davis et al, 2005;Chen et al. 2006]. Yet as a result of data sparsity the mass balance of
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the EAIS is largely uncertain and subject to errors, esfigaae to the uncertain contribution
of postglacial rebound affecting the gravity sign@hen et al[2006] state that the uncertain-
ties arising from the postglacial-rebound model adoptey beaon the order of 100 %. Thus,
ground-based studies of accumulation variability helpsialelish a more complete picture of
(East) Antarctic mass balance.

1.4.3 The VISA project and this study

This study is part of the so-called VISA projesfalidation, densification, and interpretation of
satellite data in Antarctica using airborne and groundbemmeasurements for the determina-
tion of gravity field, magnetic field, ice-mass balance, angtal structure In Dronning Maud
Land, the Atlantic sector of Antarctica, information abtlu gravity field, magnetic field, and
ice-sheet elevations derived from satellite missions (®®ACE, GOCE (Gravity Field and
steady-state Ocean Circulation Explorer, http://wwwegpcojektbuero.de), and ICESat shall
be validated with the help of groundborne and airborne nreasents. Variations of accumu-
lation and density on temporal and spatial scales influeheeadlation of elevation changes
and changes in gravity and massgelicogna and Wah{2002] show from analysis of simu-
lated GLAS and GRACE data that the main error source in thebaoed signal arises from
the unknown time-variable accumulation and its effect andbnsity of the sensed firn or ice
column. Thus, the knowledge of spatial and temporal patefice-mass changes provides key
information especially for the validation of the time-vany gravity field as sensed by GRACE
[Scheinert et a).2005]. For this reason small-scale variations of the acdation rate play a
significant role and need to be investigated closely by gibome operations.

This study uses geophysical and glaciological methodsuestigate the recent accumulation
rate and analyze its spatial and temporal distributionlected grounded coastal areas of Dron-
ning Maud Land. It thus serves, together with results froja@eht study regions, as a base for
ground-truthing of satellite-based approaches. The apeaoging papers discuss local-scale
accumulation features and yield new insight in small-seal@ability of accumulation rates,
providing important information for the detailed validati of ice-mass changes derived from
GRACE and ICESat.
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CHAPTER 1.

INTRODUCTION




Chapter 2
Area of investigation

Dronning Maud Land (DML) makes up the Atlantic sector of Act&ca (Figure 2.1a), com-
prising the area between 2W and 45 E, in some studies only up to 2&. The Northern and
Southern boundaries are not clearly definddqlund 1998], but mostly seen as the coast line
in the North.

Following the description oRichardson-Mslund[2001], DML can be divided into three
main parts, consisting of ice shelfes, grounded coastakaand the inland-ice plateau. The
ice shelves (Riiser-Larsenisen, Ekstromisen, Fimbnlisivlisen etc.) are afloat on the ocean,
at rather low elevations. They are separated by the grogriohia from the grounded coastal
areas. The latter ascend from near sea level to elevati@ixof 1500-2000 m a.s.l., stretching
up to the coastal mountain ranges (Heimefrontfjella, Kimeggen, Mihlig-Hoffmanngebirge,
Wohlthat Massif, etc.), south of which the inland-ice p#atestarts, consisting of the Amund-
senisen in the West and the Wegenerisen in the East. Theaplateas exhibit elevations of
2500-3000 m a.s.l. and a generally smooth surface with sasltugis, owed to the generally
less intense wind$Noone et al.1999]. Accumulation on the plateau shows values on therorde
of 45-90 kg m2 a1 [Karlof et al, 2005, and references therein], with some 64 kif et * at
the German Kohnen station (T’ S, 0004’ E, 2892 m a.s.l.)Qerter et al, 1999], whereas on
the ice shelves and the grounded coastal parts values uptly 860 kg m2 a1 are reported
[Melvold et al, 1998].

Ice thickness varies between about 1000 to 2000 m in the gexlinoastal parts, with the
exception of some nunataks and the mountain chains pragutirough the ice sheet. On
Amundsenisen and Wegenerisen plateau ice thickness gesoime 3000 miythe et al, 2001;
Steinhage et al2001].

Expeditions started in the 1920s and in the early 1930s, lbgaorway, and followed
in 1938/39 by the German Schwabenland expedition undeclitits From 1949-1952 the
Norwegian-British-Swedish expedition undertook dethidérborne photographic mapping of
the area. Most of the geographical names stem from these tatd expeditionsNaslund
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1998, and references therein]. The American South Poler@Meed Land Traverse (SPQMLT)
was conducted 1964-1968, drilling firn cores in the soutparhof DML [Piciotto et al, 1971].
The last decades have seen increasing efforts of field wotkMh, especially in the western
part and on the plateau region. Apart from seismic investiga, studies consisted mainly of
firn-core drilling of shallow (some 10—-30 m) to medium-deptines (up to about 150 m deep),
carried out among others by expeditions from Germ&ugh[osser et al.1999;Oerter et al,
1999, 2000], Swedendaksson and Karlerl994;Isaksson et a].1999], and NorwayNlelvold

et al, 1998;Karlof et al, 2005]. Additional GPR profiles from the coast to the platesgions
[Richardson-Mdslund 2004] and near the German Kohnen stati@otschky et al.2004;Eisen

et al, 2005] complemented the activities. The European Progacice Coring in Antarctica
(EPICA) is dedicated to retrieve a deep ice core at the Kobktegion in DML and another one at
Dome C (7506’S, 12321'E, 3233 m a.s.l.), both serving as a valuable climateieedEPICA
community member2004]. The DML core is furthermore supposed to give usefsilghts in
climatic effects related to the Northern hemisphere an@iteenland ice cores, e.g. NorthGRIP
[Dahl-Jensen et a12002]. Prior to the drilling activities at Kohnen statiavhich started in the
season 2001/2002 and ended in 2005/2006, intensive gretsiteys have been carried out on
Amundsenisen [among otheBseinhage et al1999;0erter et al, 1999, 2000Rotschky et a.
2004;Hofstede et a).2004;Eisen et al. 2005;Karlof et al, 2005].

Despite all these research activities there are still largas of DML uncovered, mainly in
the central and eastern parts. Rotschky et al. (submifped$ent an accumulation map from
all available firn-core and snow-sample data, uncoveriggre suffering from data sparsity,
including particularly large areas in eastern DML as weltres coastal parts of central DML.
The coastal areas are less well captured by large-scaleiledioms or resolved by atmospheric
models, as outlined before. Their generally higher accatman, the influence of synoptic
weather systems, and the fact that glaciers drain througjlsdhstal areas into ice shelves and
oceans, makes the coastal parts sensitive to global clicharege. Therefore close coverage of
these areas by in-situ measurements is of vital importance.

Within this work two selected areas have been investigatagufe 2.1b): the Potsdam
Glacier in central DML and the region around Kottas Campated about 10 km north of
Kottasberge/Heimefrontfjella in western DML, hereinafteferred to as Kottasberge. Potsdam
Glacier is a comparatively small outlet glacier (when cormepato e.g. Jutulstraumen) com-
ing down from Wegenerisen and meandering through the mmsnvé Wohlthat Massif before
finally feeding Nivlisen, north of the Russian station Nazdrevskaya. The area of investiga-
tion comprises the region between 11=Rand 71-71.3S. Although the accumulation data
presented in this study cover only a small region, they aeefitet detailed groundborne ac-
cumulation values from Potsdam Glaci&orth and Dietrich[1996] report accumulation data
from stake readings, however, they do not provide densitgsme@ments but rely on general
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empirical field data for conversion of snow height to accuatiah. Since this region is char-
acterized by a complicated orography and undulations daserelevation, the accumulation
pattern exhibits large variability over small distancesahlihs not captured sufficiently bigorth
and Dietrich[1996].

Additional data from the second study area, Kottasbergaptement the accumulation val-
ues discussed in this study. The latter area is more inlaardPlotsdam Glacier, on Ritscherflya
at the foot of Amundsenisen plateau. Apart from an older GRRIp [Richardson-Mslund
2004] there are only sparse point measurements publisbedtfris region so far. Thus, this
study closes some data gaps and may be used together withreslis of adjacent regions
for the enhancement of regional accumulation maps of DMlutare work. Detailed maps of
accumulation distribution are valuable for validation afedlite-derived ice-mass changes.
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Figure 2.1: a) Above: Antarctica with Dronning Maud Land. (b) below: Dring Maud
Land: the part marked in (a) is depicted. Blue circles: statirelevant to this study; yel-
low areas: areas of investigation in this study; light y@llmes: elevation contour lines at
100 m spacing. Map source: Antarctic Digital Database 4dlelfite image: RAMP (pro-
vided by National Snow and Ice Data Center, Boulder, USAy:Httsidc.org/data/ramp).
Figure courtesy of C. Wesche, 2006.
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Methods

This section briefly introduces ground-penetrating radar geophysical device used in glaciol-
ogy and describes the most important theoretical backgrofishort overview of glaciological
applications of Global Positioning System (GPS) is givkawise. Aquistion and processing of
GPR and GPS data are explained as well as the analyses ofr@s axad the determination of
accumulation rates from GPR and firn-core data. The chrgnborder of this chapter follows
the procedure of data aquisition in the field, starting witPRGand GPS and their deliverables,
followed by firn-core studies and the combination of thega dats, yielding accumulation rates
on spatial and temporal scales.

3.1 GPR and GPS

Ground-penetrating radar (GPR) has been widely applie®eaplysical investigations. It is
based on propagation of electromagnetic (EM) waves in tb@ rikequency range through
the subsurface. A GPR device typically consists of a contnit and a transmitter (TX) and
receiver (RX) antenna, transmitting EM waves and recorthed=M response of the subsurface.
A GPR antenna is called monostatic if one antenna is usednsrtiit and record the response,
and bistatic if two separate antennae are used as transanittiereceiver. Typical antenna
frequencies for GPR applications are in the range of 10 MHzHZ.

GPR can be used in several modes of data aquisition. Foripgofisually the method of
common offset (CO) is used, meaning that receiver and tratesrare kept at constant distance
(or offset) and towed along the GPR profile. The recordedrgrdan typically shows distance
along the profile or trace number versus two-way travel ti&T) and provides information
about subsurface structures. The common-midpoint (CM#Pnigue is utilized to determine a
velocity profile of the EM waves in the subsurface, similasgéismic techniques. In this case,
the offset between the antennae is increased symmetriodhyg central point. In this study the
CO method was used throughout.
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3.1.1 Application of GPR in glaciology

The theory of EM wave propagation is given in literature, sgeJacksor{1996]; Ulaby et al.
[1982]. Here, only a brief outline of the most important paetders and equations for appli-
cation in glaciology will be given. GPR is sensitive to chasgn the dielectric parameters of
the subsurface. EM waves are reflected from layer boundexieibiting different dielectric
properties. In soils, propagation speed of EM waves is mairéd by the content of liquid wa-
ter and by conductivity, provided that only non-magnetidenal is present. Both parameters
decrease the velocity and the penetration depth signifjceuith increasing water content and
conductivity, respectively.

The material electric properties of ice (and other mediepascribed by the complex relative
dielectric permittivitye which is given by:

e—¢ —ig/ —¢ —i — (3.1.1)
WeEp

whereo is electrical conductivityw the angular frequency, areg = 8.8510 2 F m1 the
dielectric constant. Generaltydepends on the frequency of the EM wave, however, in ice the
real parte’ is nearly frequency-independent in the frequency rangeRR @GpplicationsHujita
et al,, 2000]. Since ice absorbs EM energy, Equation (3.1.1) camlta written as:

e=¢(1—itand) (3.1.2)
7
tan6:2—, (3.1.3)

The loss tangertan & << 1 for glacial ice Bogorodsky et a].1985]. Thus, the wave speed in

low-loss media as ice is given by
Co Co

V= — &~ —
Vel Ve
with ¢p = 2.99810% m s! the speed of EM waves in vacuum. Magnetic permittiyity 1,
since ice is a non-magnetic material.
For a plane reflecting interface the reflection coefficienling the power of the reflected
signal, can be determined by the dielectric permittiviieande, of layer no. 1 and no. 2:

(3.1.4)

R— M (3.1.5)
Vet VL
In the case of one narrow layes embedded in a material witty, Equation (3.1.5) must be
written as: o
R— VE2— Ve, 21 (3.1.6)
Ve tvEL T Am

[Kanagaratnam et al.2001], wherd is the thickness of the embedded layer apdhe wave-
length in it. Note that this applies to monochromatic wavely.oThus, the magnitude of the
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reflection coefficient increases with increasing dieleatontrast, yet it is modulated by a si-
nusoidal term related to layer thickness and wavelengtimsidering glaciological conditions,

Equation (3.1.6) applies to narrow ice lenses, arisingfeoga melt events, and to volcanic ash
layers embedded in firn or ice.

In glaciological research, GPR has been used to map bedspogtaphy as well as internal
layering of the ice sheet. For mapping the bedrock and fariinfg layering of the deeper
parts of the ice sheet, low frequencies of typically 5-2002Attdve to be utilized, yielding
a larger penetration depth at the expense of vertical résolu Contrarily, for investigation
of internal layering in the upper 10-100 m higher frequesi@iee used, usually between 400—
1000 MHz, resulting in a higher resolution of closely spaleg@rs. In firn and ice these interal
layers arise from changes in density or in conductivity. Tter affect the imaginary pagf’
of the dielectric permittivity, occurring mainly in deepgarts of the ice sheet, whereas density
changes affect the real pag't[e.g. Kovacs et al. 1995] and tend to dominate in the upper
hundreds of meterd-pjita et al,, 1999]. As a third mechanism changes in crystal-orientatio
fabrics have been discussed, which mainly affect the dgegues of the ice sheeMatsuoka
et al,, 2003].

Horizons with different densities are due to depositiotraltgyraphy, e.g., separating winter-
and summer-layers. Single high-density layers occur aftdace melt or intense winds, result-
ing in a glazed surface with higher density than the undeglgnow or firn. When fresh snow
falls onto this glazed surface, the layer is preserved istisurface, exhibiting a higher density
which is seen as a reflection horizon in the radargram. Intsdow zone density changes are
due to firn compaction from the pressure of the overlying soolwmn and due to depositional
stratigraphy. Layers with different conductivities arfsem acidic impurities mainly after ma-
jor volcanic eruptionsflammer 1980]. The origin of radar layers in this study will be dised
in section 3.3.2.

The processes forming the observed layers in GPR recordgtake at the surface at ap-
proximately the same time, where the submergence rate edabkronal surface is determined
by interaction of the flow field and the surface accumulatiate Gudmandsenl975]. Thus,
these layers can be regarded as isochrones [among d&isers et al. 2004;VVaughan et al.
2004].

3.1.2 GPR: Data aquisition and processing

In this study a commercial RAMAC (Mala Geoscience, Swed®alar unit transmitting a

monopulse was used. The parameters used for recordingstee in Table 3.1. The bistatic,
shielded antenna with a center frequency of 500 MHz, housagblastic box, was mounted to a
Nansen sledge pulled by a snow vehicle at an average speddroh5!. Traces were recorded
every 0.5 m triggered by an odometer, and the antenna wafctathto the central unit via
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fibre-optic cables. GPR data were stored on a Husky Px5 palrsomputer and after the sur-
vey saved on CD-ROM, together with GPS data. The aquisitiowsa for a theoretical vertical
resolution in firn of~0.1 m (i.e.,é1 with A the wavelength in firn, assuming, = 2.1 ms™1).
Actual accuracy can decrease40.2 m (+ %) due to noise present in the radargramsén
et al, 2004]. Simultaneously with the GPR data differential GR&dvere collected at a sam-
pling interval of one second. The roving station was mourntethe snow vehicle and the
reference station was located at the respective field camipgine expeditions.

Table 3.1: Acquisition parameters of GPR surveys in this study

Parameter Value
Center frequency 500 MHz
Time window 400 ns

Samples per trace 2048
Sample frequency 5120 MHz
Stacks 8

Trace increment  0.5m
Offset TX—RX 0.18 m

GPR data were processed using Paradigm Geophysical SefB@CUS, applying the fol-
lowing steps:

e Time offset:
Data were corrected for the arrival of the direct wave (tree,wave travelling through the
air from the transmitter to the receiver). The time offseswalculated by dividing the
offset between TX—RX by the wave speed in air. Thus, theartime of the direct wave
was taken as zero reference for the subsequent reflections.

e Stacking:
In order to increase signal-to-noise ratio, 10-fold homizb stacking was applied, thus
averaging out noise and enhancing the signal.

e Automatic gain control:
Automatic gain control (AGC) was applied to account for gyeioss due to spherical
divergence in the deeper parts of the radargram. This tgabmorms the energy of each
trace according to the mean energy of the time window in WAGIC is applied. Here,
time windows between 20-30 ns were chosen.

e Filtering:
Filtering made use of a bandpass butterworth filter of sixtien The lower cut-off
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frequency was set to 350 MHz and the higher cut-off frequeén®p0 MHz. These values
have been obtained after testing several combinationg@fsfiand cut-off frequencies.

Figure 3.1 exemplarily depicts a processed radargramtiegetith the corresponding surface-
elevation plot of the data obtained in the Antarctic sumneassn 2003/2004 on Potsdam
Glacier. From the processed GPR data internal reflectidadms (IRHS) were tracked through-
out the profiles where possible, using Landmark Open-Walease 2003 software and RE-
FLEXW (Sandmeier Scientific Software, Karlsruhe, Germanyyacking was done semi-
automatically by exploiting the coherency of the signalrmmum, maximum, or zero am-
plitude), with manual correction in the parts of low sigtainoise ratio. Despite the use of the
automatic tracking algorithm, not all IRHs could be tradetighout the GPR profiles but are
lost within the time window of the direct wave or where layars spaced too closely to resolve
them individually. In order to convert the tracked IRHs frGWT to depth, information about
the velocity in the subsurface is needed. Due to the lack oPQldta in this study, firn-core
parameters have been used to establish a model yielding TeAsUs depth. More information
will be given in section 3.3.1, after the introduction of fitore studies required to obtain a
velocity-depth distribution for the radar waves.

3.1.3 GPS

Here, kinematic GPS (Global Positioning System) measunésrieave been carried out simul-
taneously with GPR profiling. GPS was also used for accumtirchination of the positions of
firn-core drill sites. In principle, GPS utilizes a receigensing the signals of at least four GPS
satellites and measuring the travel time from the respesttellite to the receiver. Thus, the po-
sition of the receiver in space and time is obtained. Detaédggiven in literature, e.¢dofmann-
Wellenhof et al[2001]. In glaciology, GPS has been applied to study the onctind velocity
of ice streams, postglacial rebound, dynamics of ice sbebsad surface-elevation of ice sheets
as well as thickness changes [among otAeegoning et al. 1999;Capra et al, 2000;Hamil-
ton et al, 1998]. Linking GPR and GPS provides accurate informaticthe position of GPR
tracks and along-track surface elevatibmhjini et al., 2001].

GPS data were processed at the Institut fir Planetaredsegdechnische Universitat Dres-
den, using GPSurvey software with default parameters. Tonement of the respective ref-
erence stations employed on a flowing glacier was taken ctoumt. Processing yields GPS
time, longitude, latitude, and elevation along the radafil@s where elevation data are given in
heights of World Geodetic System 1984 ellipsoid (WGS84 )cukacy is within some millime-
ters to centimeters for longitude and latitude and withimeaentimeters for the elevation.
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Figure 3.1: (a) Elevation (WGS84) along profile AWI-041204 (unpublidtaata from
Potsdam Glacier, 2004). (b) Processed radargram of proié-841204. Grey scale
refers to amplitude of the signal. The total record length@d ns is shown.

3.1.4 Combining GPR and GPS data

GPR and GPS data have to be combined such that each radasteassggned values of longi-
tude, latitude, and elevation. The start and end pointsefalar surveys coincide with GPS
signals the positions of which were exactly determined fGRS measurements. Furthermore
the start and stop time of GPR data aquisiton was noted in ¢lek rotocol for each GPR
profile. In order to exactly determine the time interval dgrivhich radar-data aquisition took
place, several files were extracted from the processed GRS idaluding time—longitude—
latitude, time—elevation, time—velocity (i.e., speed loé tsnow vehicle), distance—elevation,
and distance—velocity. By comparing time—velocity andatise—velocity, intervals of radar-
data aquisition could easily be recognized, assuming adspe¢he snow vehicle between
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2-8 km ! (~ 0.6-2.2 m s1). Thus, the respective time periods were extracted from the
processed GPS data files, together with the correspondlogsvaf latitude, longitude, eleva-
tion, and distance along-profile, using adapted scriptsbéished at the Institut fur Planetare
Geodasie, TU Dresden (S. Roemer, personal communicaf)g). The start and stop posi-
tions of these files were checked by comparison with the ipositof the GPS signals. From
the total distance along-profile obtained from the GPS datarrected trace intervaAlx’ was
calculated for the radar data, assuming equidistant traces

Ax — XGPS (3.1.7)
nt

wherexgpsis the total distance from GPS data aridhe number of traces of the GPR profile.
The equidistant spacing may not be true throughout all g®ftiowever, this introduces only
minor errors that can be neglected when compared to other ssurces (discussed in Paper
Il and briefly summarized in section 3.3.3). Using Equati8ri(7), each trace was assigned
a modified position, fitting the profile length to the GPS dis& Generally, the values Ak
agreed within 0.01-0.03 m with the original trace intedak 0.5 m with the largest deviation
found to be 0.05 m. Such deviations most likely result frordisy of the odometer on the
surface, thus leading to erroneous length intervals afmogte when calculated fromAx.

After correction using Equation (3.1.7), the GPR horizoasaell as the GPS data were
resampled at 5 m spacing of subsequent traces and waypasfectively. This value was
chosen in order to account for the 10-fold stacking of the @RR during processing, originally
spaced by~0.5 m. Moreover, deviations from non-equidistant spacihigaividual traces are
assumed to be averaged out by this technique. FurthermdBep@sitions are not available for
each (unstacked) trace, as can be concluded from the sanmienval of GPS tracking and the
speed of the snow vehicle. Hence, for each profile a GPR fileolt&ned, giving values of
distance and TWT, and a corresponding GPS file, giving likewdistance (equal to the values
of the GPR file), longitude, latitude, and elevation. For¢bebination of these files the offset
of 5 m between GPS and GPR antenna was taken into accounily#a&h radar trace at 5 m
spacing was assigned longitude, latitude, and elevatan the corresponding GPS record.

3.2 Firn cores and snow pits

To facilitate the interpretation of the radar data and tedhae tracked internal layers, shallow
firn cores were drilled along the radar profiles, their depttyimng between 12—-13 m. At several
drilling sites furthermore snow pits were dug, being 2 m daeg probed with 40 samples per
pit.

The firn cores and snow samples were transported in frozestitcmmto AWI Bremerhaven
and analyzed in the cold laboratory. Analysis of the snow@asconsisted of determination
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of the electrolytic conductivity of the melted samples.oPto this method, measurement of the
stable oxygen isotop€0 was carried out by mass spectrometry, yiel®HD profiles for the
snow pits, wher&'20 denotes content dfO relative to'®0 of standard mean ocean water. The
density of the snow samples was determined in situ by weggtiie samples and calculating
Psamplefrom the known volume of the probing cylinders. Snow-sanuata were used to link
firn-core data to the surface due to minor core quality in {ygen 1-2 m of drilling.

Analyses of firn cores covered determination of dielectaameters by dielectric profiling
(DEP) and measurement of density using gamma-attenuatditing (GAP).

The DEP technique is applied by moving two curved electralesg the firn core, mea-
suring the real dielectric permittivitg/ and the electrical conductivity. The curved-electrode
setup follows the design of a parallel-plated capacitorjvmore complicated to treat. Details
and discussion are given MWilhelms[1996]; Wilhelms et al][1998]. The frequency used to
measure the dielectric parameters is 250 kHz, thus beimgseptative for radar frequencies up
to the GHz rangeWilhelms 1996].

GAP is performed using a gamma densimeWiilielms 1996]. A radioactive source (e.g.
137Cs) emits monochromatic gamma radiation, which is colledab a beam of 2 mm and
radiated through the firn or ice core, along its diameter. béam is collimated again after
passing through the ice, and its intensity is measured @assegtillation detector. The electrons
in the ice volumn scatter the photons of the radiation bedwns tveakening it according to
Beer’s Law:

lg=1lpe 9P (3.2.1)

with a the mass absorption coefficient of the material (firn/idghye diameter of the core,the
density,l4 the measured intensity after the beam passed the ice carg, #e intensity of the
emitted beam. Simultaneously the core’s diameter is medswuith a laser beam. Diameters
have been controlled manually every 100 mm using a sliditigera Thus, from Equation
(3.2.1)p can be calculated. Along the firn cores DEP was performed&mem and GAP every
2 mm, yielding high-resolution profiles of dielectric pareters and density. Errors for these
methods are given Byilhelmg1996] and are briefly summarized in Paper Il. Furthern®f®
was determined at samples of 30 mm size, similar to the sroapke analysis. An example of
firn-core parameters is depicted in Figure 3.2, the firn case drilled in the Antarctic season
2003/2004 in the accumulation zone on Potsdam Glacier degat®n of 1008 m.

The 5'80-profiles of the firn cores were used to establish depth-egjesby counting the
peaks which indicate summers [eMcMorrow et al, 2004]. Not all firn cores exhibited a
5'80-profile with pronounced maxima and minima, these wereeutgtl due to the ambigu-
ities introduced by their dating. From the depth—age scafesthe density profiles annual
accumulation rates were determined for all dated firn cores.
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Figure 3.2: Measured parameters of FB0404: (a) Real part of dielecenitivity,
(b) electrical conductivity, (c) density (GAP), (&/80. Unpublished data from Potsdam
Glacier.

3.3 Combination of GPR and firn-core data

The combination of GPR data and firn-core data provides éduaformation about several
aspects of glaciological research. Using appropriate isatkrived from dielectric parameters
and the density distribution, the tracked IRHs can be cdadeirom two-way travel time to
depth and from depth to cumulative snow mass. Moreover,dh#med analysis of GPR hori-
zons and firn-core parameters allows to highlight the orégid nature of specific IRHs in the
radargrams at drilling locations. A variety of modelingdits has been carried out by several
authors in order to study the origin of reflections seen inrtdgargrams, based on synthetic
radargrams derived from firn-core properties [among otB#sen et al. 2004, 2006 Miners

et al, 2002]. As this work focuses on the application of GPR forpghepose of accumulation
studies, the most important result of the combination of GR&firn cores yields the determi-
nation of accumulation rates from IHRs that are dated byreefee firn cores. An outline of
these procedures is given below.

3.3.1 Conversion of radar layers to depth and cumulative mas

The tracked IRHs are available in the time-domain, i.e.ingiinformation about the two-way
travel time of the signal to the IRH along the profiles. In artie derive their distribution
with depth, information about the propagation velocity lo¢ radar waves in the subsurface
is mandatory, as already explained in section 3.1.2. Eoug8.1.4) shows that the velocity
can be calculated from the DEP-derived values of dielegianittivity €. As €' is given in
steps of 5 mm, the interval velocity for each depth-intermahsured along the firn cores can be
calculated from Equation (3.1.4). Integration of the ahal velocity-depth distribution yields a
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model for TWT—depth, following the procedureskiten et al[2002]. By applying this model
to the tracked IHRs they can be converted from TWT to depth.

For the determination of accumulation rates the cumulatigss of the firn column up to the
depth of the IRH at each point along-profile needs to be kndwnhis end, the firn-core derived
profiles of density are integrated over depth, establishingodel for cumulative mass—depth.
This model is likewise applied to the tracked IRHs, hencayftheir depth values along-profile
the distribution of cumulative mass is derived. Figure 2pidts the models used in this study
obtained from the respective firn cores in the two invesiigedreas.
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Figure 3.3: (a) Models for TWT-depth obtained from firn-core studies otsBam Glacier

(black) and near Kottasberge (blue); (b) Models for cunivgainass—depth from firn-core

studies on Potsdam Glacier (black) and Kottasberge (blue)

The model calculation is based on the mean profiles of deasiydielectric permittivity of
all firn cores of the respective area of investigation, sihege is no further information about
lateral variation of these variables between the drillingss In Paper Il the deviation of density
profiles from two firn cores (the one with the highest mean iffgasd the one with the lowest
mean density) from the average profilepois discussed, finding only small differences. Thus,
the errors introduced by actual differences from the medmegaare negligible compared to
other error sources (discussed in the papers and briefly suized below). In order to obtain
a TWT—depth and cumulative mass—depth distribution fos¢hgarts of the IRHs that exceed
the depth range of the firn cores, the models are extrapol&gtfapolation was carried out
up to 25 m below the surface, thus covering the deepest teatabl that could be dated by
a reference firn core on Potsdam Glacier. More informaticsutlextrapolation is given in
Paper II. Figure 3.5b shows several tracked IRHs togethi@rtiweir cumulative mass and depth
distribution along the radargram of profile AWI-041204 daxed in Figure 3.1.
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3.3.2 Oirigin of reflecting layers in radargrams

Once the radar data are converted to depth, a comparisoed&etive depth of prominent reflec-
tions in the radargrams and firn-core parameters becomsgpmsyielding information about
the origin of layers seen by GPR. As explained before, theslBé€n in GPR records are due to
reflections at interfaces in the firn or ice where contrast$eoisity or conductivity occur. Fig-
ure 3.4 shows a comparison between the uppbt0 ns (13.5 m) of the processed radargram
AWI-041204 (see Figure 3.1) and the profiles of density amdliaetivity of the firn core drilled
at the start point of the GPR profile. From the depicted compatrit is obvious that some of
the IRHs coincide with peaks in the density and some with p@akonductivity. Yet for most
of the IRHs density as well as conductivity show peaks, tiesnnot be clearly stated whether
these IRHs are due to density or conductivity changes. Hewdor peaks spaced less than
~0.2 m (i.e., the approximate vertical resolution of GPR pirgfiat 500 MHz) interferences
between closely spaced peaks, whether in conductivity aleimsity or both, lead to the ob-
served reflection, as is the case for the first two marked geaksabove, resulting in the same
reflection band in the radargram.

(a) (b) (c) Profile AWI-041204
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Figure 3.4: Comparison between GPR profile and firn-core parametereadfacent firn
core (FB0402, data partly published in Paper Il). (a) Cotidity, (b) density (from GAP),
(c) radargram AWI-041204, the upper 13.5 m1@d0 ns) of Figure 3.1 are shown here
(unpublished data from Potsdam Glacier, 2004). Densibduaotivity peaks are marked
with a blue line and linked to prominent reflections in theargglam. Note that the horizon
at~ 8.5 mis an artifact stemming from a software failure.

Ice lenses with a higher density are observed in several pitewand firn cores of this study,
yet they are a very local phenomenon in the area of investigathus, it can be concluded that
the observed IRHs do not arise from ice lenses but from defisdtuations between different
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depositional layers and from firn compaction. Apart from éneptions of Pinatubo and Cerro
Hudson, which are not easily seen in Antarctic firn cores fraar-coastal sites (U. Ruth, per-
sonal communication, 2005), there are no significant vatcaruption reported within the time
period covered by the firn cores of this study. Thus, conditgtchanges are possibly due to
other acidic impurities, most likely stemming from marireusces Kaczmarska et al2004].

In total, both density and conductivity changes seem to ggamesible for the observed layering
on Potsdam Glacier, at least in the upper 12 m. This observatiin accordance with previ-
ous studies focusing likewise on shallow investigationtdepe.g.Nishio and Ohmael985].
Yet the exact determination of the contributions of denaitg conductivity changes to the ob-
served reflections requires usage of a density-and-cordychixed permittivity (DECOMP)
[Wilhelms 2005] obtained from DEP. The mathematical descriptioneibiehas to be inverted
for density and conductivitilhelms 2005]. This is beyond the scope of this study, but de-
tailed information can be found Wilhelmg[2005]; Eisen et al[2006]. Generally, in the upper
hundreds of meters density changes are more prominent tratuctivity changes, since the
transformation of snow to firn and to ice takes place withigsthdepths. Therefore density is
believed to have a dominating influence on reflections in dleigth interval, as discussed by
several studies [e.drujita et al, 1999;Eisen et al. 2004]. Here, density peaks significantly
contribute to the origin of radar layers, although influen€eonductivity cannot be ruled out
completely: application of a 2 cm running mean on the condiigtprofile as suggested by
Eisen et al[2006] in order to reduce statistical noise removes onlyesafthe conductivity
peaks in Figure 3.4a.

Yet for the determination of accumulation rates from ing&tayers it is most important that
the reflections have been shown to be of isochronal origisen et al. 2004;Vaughan et al.
2004] and can usually be tracked over several tens to husdfdglometers across the ice sheet.
Thus, by assigning each IRH an age from a reference deptbeadg area-wide accumulation
rates can be determined.

3.3.3 Accumulation rates along GPR profiles

From section 3.2 it follows that the dated firn cores can be tseerive annual accumulation
rates and interannual variability. Hence, at the drillintgsthetemporalvariability of accu-
mulation rates is available at high resolution. In order bbacn GPR-derived accumulation
rates and to address thpatialvariability, the depth—age scale of a reference firn coraddas
transferred to the tracked and converted IRHs.

As demonstrated in Figure 3.5 this is achieved by compahaglepth values of the IRHs at
the drilling site to the depth-age scale of the adjacent fime cassigning each IRH an age. This
age can be compared to the dating as derived from other datezbfes along the GPR profile
where possible, following the test of isochronal accuraegmgby Spikes et al[2004]. From the
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Figure 3.5: (a) Left: Depth-age scale of FB0402. (b) Tracked IRHs alordfile AWI-
041204 (see Figure 3.1). The distribution of cumulative sreagd depth is shown. Compar-

ing the depth of the IRHs at x = 0 km with the depth-age scaléctkgbin (a) yields ages
of the IRHSs.

ages and the distribution of cumulative mass of selectedsI&d¢umulation rates along-profile
can be determined by dividing the difference in cumulatizssby the age difference:

s Am _ m(IHR2) - m(IRH1)
At t(IHR1) —t(IRH2)
where IRH2 is older (deeper) than IRH1, amg@ denotes the accumulation rate over the time
periodAt (t in years AD). The same procedure yields accumulation rateslation to the age
of the surface at the time of data collection.

Hence, from dated IRHs spatial distribution of accumulation between firn-core drilling
sites is obtained, giving information about the spatialagility along the GPR profile. Equa-
tion (3.3.1) implies that from dated IRHBeanaccumulation rates for the respective time peri-
odsAt between the IHRs are derived - in this study some ten yearnsigdsatistical analysis,
the spatial representativity of firn-core derived accurtioiharates for the area of investigation
can be assessed from the GPR data. Moreover, the calcutdtioorrelation length of spa-
tial accumulation series yields valuable information caning the validation of satellite-based
ice-mass changes which are averaged over several hundr&dsnoeters. In summary, the
combination of firn-core studies and GPR profiles providesedul method for the determina-
tion of temporalas well asspatialvariability of accumulation rates. The accumulation rates

the area of investigation of this study are analyzed andudiexd in detail in the accompanying
papers.

(3.3.1)
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A general discussion of errors is given in Paper Il and Palecdmprising errors from
tracking the IRHs, from conversion of TWT to depth and curtivéamass, errors in DEP and
GAP measurements, and dating uncertainty. The latter makdsr the largest error source,
thus, the mean accuracy of the accumulation data discussbeisistudy results as 10-15 %.
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Scope of papers

Paper I: Anschitz, H., O. Eisen, W. Rack, and M. Scheinert, 2006. Periodicusface fea-
tures in coastal East Antarctica
Geophys. Res. Lett., 3322501, doi:10.1029/2006GL027871

This paper discusses the periodicity of the accumulatidtepaon the main flow line of Pots-
dam Glacier, central DML, derived from GPR profiling and faore analysis. Surface ele-
vation and topography are obtained from GPS data. Undukatid surface slope and accu-
mulation pattern show a strong correlation which is furtaealyzed by means of auto- and
cross-covariance functions. The statistical analysistexsizes the highly periodic oscillations
of both slope and accumulation. The observed features areftie interpreted similarly to
the megadunes known from the polar plateau, yet showing remnctler lateral extension and
generally higher accumulation than the megadunes. Thasiggested that the observed un-
dulations are likely caused by a special feedback systeweset atmosphere and cryosphere.

Paper II: Anschtz, H., O. Eisen, D. Steinhage, H. Oerter, and M. Scheinert2006.
Investigating small-scale variations of the recent accumiation rate in coastal Dronning
Maud Land, East Antarctica, accepted té\nnals of Glaciology, 46

In this paper the spatial and temporal distribution of theeré accumulation rate on Potsdam
Glacier in central DML is presented. Spatial variability the time periods 1970-1980, 1980-
2004, and 1970-2004 is very high, as expressed by one-faidiatd deviations of nearly 50 %
of the respective mean values. Temporal variations oldafiren the area-wide mean values
between 1970-1980 and 1980-2004 are much less than spaieions. The high spatial vari-
ability is likely explicable by windborne redistributiori blowing snow, following the findings
given in Paper |. Accumulation rates are decreasing in thection of glacier flow, in accor-
dance with former observations showing a large blue-ica tagher downstream. The vicinity
of the blue-ice area explains why the results presenteddrertess than findings from large-



scale compilations. Interannual and decadal-scale vhtyabf accumulation is furthermore
obtained from two dated firn cores. Implications of the ressidr interpretation of satellite data
are discussed.

Paper Ill: Ansch itz, H., D. Steinhage, O. Eisen, H. Oerter, and L. Eberlein, @Q06. Tem-
poral variation of accumulation patterns in western and cenral Dronning Maud Land,
Antarctica

submitted taJournal of Glaciology

The spatial and temporal variations of accumulation ratss iKottasberge in western DML
are presented and discussed. A comparison with previodgestin this region is given as well
as a comparison with the spatio-temporal behaviour of actation rates on Potsdam Glacier
which has been discussed in detail in Paper Il. Accumulattes are far smoother near Kot-
tasberge than on Potsdam Glacier. Yet interannual vaitialail Kottasberge obtained from
four dated firn cores is likewise very high. Pointwise analyd temporal variations along the
GPR profiles reveals that the values are not constant, bytacaording mainly to variations
in spatial variability and in surface slope. Therefore itancluded that temporal and spatial
variations are linked on small spatial scales of some temieters, suggesting incfluences from
local-scale near-surface wind pattern and glacier flow.



Chapter 5

PAPER |

Anschitz, H., O. Eisen, W. Rack, and M. Scheinert, 2006i08&r surface features in coastal
East Antarctica
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[1] We found evidence for highly periodic dunes in a near-
coastal area of Dronning Maud Land, East Antarctica.
Analysis of accumulation patterns, derived from ground-
penetrating radar (GPR) internal layering, and GPS-based
characteristics of surface topography, by means of auto- and
cross-covariance, indicate quasi-harmonic oscillations of
surface undulations, surface slope, and accumulation. The
dunes occur at an elevation range of 1000—1350 m with the
dominant wavelength of 5 km and undulations of ~10 m.
Accumulation and slope are anticorrelated at zero lag, with
a mean annual accumulation of some 140 kg m 2 yr ' and
variations on the order of £100 kg m 2 yr~'. Our findings
have implications for studies aiming at the mass balance of
coastal areas in Antarctica. Citation: Anschiitz, H., O. Eisen,
W. Rack, and M. Scheinert (2006), Periodic surface features in
coastal East Antarctica, Geophys. Res. Lett., 33, 122501,
doi:10.1029/2006GL027871.

1. Introduction

[2] Undulating features of surface topography and snow
accumulation are a well-known phenomenon throughout
Antarctica. Covarying undulations in topography, surface
slope, and accumulation pattern have been reported since
the earlier days of Antarctic research. Black and Budd
[1964] report oscillations in the accumulation pattern de-
rived from stake readings in Wilkes Land. Their profiles
range from 180—380 km inland at an elevation range of
1000 to 3000 m. Surface slope along their stake line also
shows oscillations, related to those in accumulation. Pettré
et al. [1986] observed undulating patterns in accumulation
in Terre Adélie, with a wavelength of 40 km. In order to
explain those features they suggested a gravity-inertia wave
at the break of slope. However, their stakes are spaced at
intervals of 10 km so they are not able to derive any small-
scale variations on the order of only a few kilometers.
Goodwin [1990] discusses the influence of katabatic winds
and the dependence of accumulation rates on surface aspect.
He associates locally higher accumulation rates with the
occurrence of longitudinal dunes, with lateral dimensions of
10—100 m, at elevations between 1870—2230 m. Referring
to Black and Budd [1964], he furthermore explains that
circulations forced by meso-scale topography modify wind
flow induced by broad-scale orography, offsetting the
accumulation minima to the West with respect to the
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elevation maxima. Although these earlier observations in-
dicate dune-like patterns in more coastal areas, one has to be
aware that they are based on stake readings with stake
spacing of some 100 m or even more, thus lacking small-
scale continuity as well as high-precision elevation data due
to the lack of GPS equipment. All these observations are
expressions of the generally accepted process that blowing
snow tends to accumulate in local depressions, whereas
local rises experience less accumulation or even ablation
(see King et al. [2004] for a recent summary). Surface slope
in the prevailing wind direction is a key parameter in the
description of this process [Frezzotti et al., 2002a].

[3] The probably most stunning phenomenon of interac-
tion between accumulation distribution and surface topog-
raphy are the megadune fields on the East Antarctic plateau,
covering areas of roughly 500 000 km?>. Detailed descrip-
tions were derived from satellite imagery showing the
ripple-like patterns extending over hundreds of kilometers
[Fahnestock et al., 2000]. Megadunes are characterized as
gentle but highly regular undulations on the surface, whose
genesis is ruled by an unusual feedback mechanism between
cryosphere and atmosphere [Frezzotti et al., 2002a]. Wave-
lengths are on the order of a few kilometers and amplitudes
of a few meters, their subparallel crests extending over
several hundred kilometers. Increased accumulation occurs
on the windward side and less accumulation on the leeward
side, thus producing a dune-like nearly-periodic accumula-
tion pattern related to the surface topography [Frezzotti et
al., 2002a]. Windward slopes are often covered with severe
sastrugi, whereas on the leeward faces and in the interdune
troughs glazed surfaces dominate surface characteristics in
snow-megadune areas [Frezzotti et al., 2002b]. A recent
map of megadune distribution, based on ICESat’s GLAS
altimetry data, locates megadune fields only in the interior
of the East Antarctic ice sheet, several hundreds of kilo-
meters away from the coast [Shuman et al., 2006]. More-
over, Scambos and Bauer [2006] observed that megadunes
occur in areas of moderate regional slope and low accumu-
lation on the flanks of the ice sheet at an elevation range
between 2500—-3800 m.

[4] Here, we provide evidence that highly periodic sur-
face undulations are also present near coastal sites. We
present ground-based data from Potsdam Glacier in Neu-
schwabenland, the coastal area of Dronning Maud Land,
East Antarctica. Ground-penetrating radar (GPR) data com-
plemented by firn-core studies indicate a strongly oscillating
accumulation distribution that varies with surface slope.
Statistical analysis by means of auto- and cross-covariance
functions of accumulation series as well as of surface slope
emphasizes the periodicity. In order to avoid confusion we
will address these features as periodic dunes, especially
since they lack the lateral extent and extreme morphology of
the megadunes. As explained above, the latter experience
extremely low accumulation on the leeward sides, where
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Figure 1. (a) Overview of the area of investigation. Dark line with dots: main glacier flow line; points marked Fxx: start/
end points of the radar profiles along the main flow line; light (red) lines: additional GPR profiles. Distances from F39 to
F33 and from F33 to F27 amount to 25 km each. Color scale indicates glacier-flow velocity [Bdfler et al., 2002]. Flow
direction is from F39 to F27. Light grey lines: elevation contour lines at 200 m spacing; dark grey line: 1000 m elevation
contour line. The white rectangle corresponds to the area depicted in (b). (b) Undulations of elevation; color scale refers to
differences between original and smoothed DEM. The DEM has been obtained from GPS (grey lines) and ICESat (white
lines) data. Black lines indicate elevation contour lines at 50 m spacing (obtained from the smoothed DEM).

snow sampling reveals large grains and extensive depth
hoar [Albert et al., 2004; Frezzotti et al., 2002b]. Compa-
rable observations are not as pronounced or even missing in
our study area near the Antarctic coast.

2. Area of Investigation and Data Set

[s] The study area is situated on Potsdam Glacier south
of the Schirmacheroase and north of Wohlthat Massif
(Figure la), about 120 km away from the ice-shelf edge.
Wide areas of Potsdam Glacier are above 1000 m a.s.l. and
have a mean annual temperature below —20°C. Ice thick-
ness >1200 m in most parts of the glacier. Bedrock
topography is generally smooth with some subglacial peaks
[Damm and Eisenburger, 2005]. Generally the higher-
elevation parts experience accumulation with the exception
of small ablation areas around several nunataks. However,
in the northeastern part of this glacier, near and east of the
Schirmacheroase, a large ablation area is found [Bormann
and Fritzsche, 1995, and references therein] that reaches up
to the eastern Wohlthat Massif. Previous work in this area
[e.g., Korth and Dietrich, 1996] consisted of geodetic-
glaciological traverses to Humboldtfjella and Gruberfjella
(Figure 1a). From the InSAR analysis of ERS-1/2 satellite
data, Dietrich et al. [1999] established a horizontal velocity
vector field. In the area of investigation glacier flow is about
20-30 m yr ' at higher elevations and up to 70—80 m yr ™'
in the lower parts. Laterally convergent flow occurs at the
lower elevations, whereas at the higher parts lateral diver-
gence is observed [Bdfler et al., 2002; Bdfsler et al., 2003].

[6] During the Antarctic summer season 2003/2004 radar
surveys at a frequency of 500 MHz were carried out along a
profile of 50 km length on the main glacier-flow line
(Figure 1). Traces were recorded every 0.5 m. Simulta-
neously, kinematic GPS data were collected at 1 s intervals,

with the GPS equipment mounted to a snow mobile. An
airborne radio-echo sounding survey near the main flow line
was carried out as well. Snow pits and firn cores (12 m
deep) complemented the field data, aiming for the determi-
nation of the recent accumulation rate. Along the firn cores
measurements of density and dielectric profiling (DEP
[Wilhelms, 2005]) were carried out in intervals of 5 mm
as well as determination of 60 in 3 cm intervals, which
was used for dating. (A detailed description of data acqui-
sition and processing is given by H. Anschiitz et al.
(Investigating small-scale variations of the recent accumu-
lation rate in coastal Dronning Maud Land, East Antarctica,
submitted to Annals of Glaciology, 2006, hereinafter re-
ferred to as Anschiitz et al., submitted manuscript, 2006).)
From the processed GPR data two internal reflection hori-
zons (IRHs) are tracked throughout the GPR profiles and
dated by the §'®0 profile of one reference firn core. The
respective dating uncertainty of each IRH amounts to £2 a.
Combining the age and the respective cumulative mass of
the IRHs yields accumulation rates. Surface topography is
derived from the processed GPS data.

3. Accumulation Characteristics and Surface
Features

[7] The time-integrated effect of ice flow interacting with
a variable accumulation pattern is memorized in the inter-
nal-layer architecture [e.g., Arcone et al., 2005]. Our pro-
cessed radargrams clearly show undulations of several
meters over few kilometers of the internal layer depths,
larger than expected for this area (Figure 2). Firn-core data
(Anschiitz et al., submitted manuscript, 2006) were input to
convert GPR data from two-way traveltime (TWT) to depth
[Eisen et al., 2002]. Linking two continuous layers to the
reference firn core provides estimates of along-profile
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Figure 2. Processed radargram of profile 041201, going from F39 to F33 along the main flow line (see Figure 1). Arrows
indicate the two tracked and dated IRHs. Note the vertically enlarged scale of the radar section in relation to the elevation

scale.

accumulation (Anschiitz et al., submitted manuscript, 2006)
for the periods 1970—1980, 1970—2004, and 1980-2004,
with a mean accumulation error of 12% (Figure 3c). Errors
are mainly introduced by the dating uncertainty. However,
this spatially systematic uncertainty only affects the tempo-
ral variability and the absolute accumulation values but not
the spatial variability nor the undulations of the accumula-
tion pattern and conclusions drawn in this study.

[8] The surface elevation declines from almost 1350 m
a.s.l. in South-West to about 850 m a.s.l. in the North-East.
On this decreasing trend a regularly undulating pattern is
overlain, clearly visible in the linearly detrended surface
elevation (Figure 3a) and in surface slope (Figure 3b).
Topography undulations are around 10 m, and elevation
maxima occur almost equidistantly at a 5 km interval.
Beyond 7 km downstream of the central firn core (at F33,
see Figure 1), towards a known blue-ice area, the undula-
tions cease and surface slope is nearly constant.

[v] Undulations in GPR-layer depth coincide with the
undulations in surface topography, but their peaks are
displaced further downstream with increasing depth in
relation to the local maxima in surface elevation. The
accumulation pattern derived from the two dated IRHs
(Figure 3c) shows a high spatial variability overlain on a
generally decreasing trend in the direction of glacier flow
down to 7 km beyond the central firn-core location. Al-
though the accumulation oscillates less periodically than
slope or surface elevation, it still seems regular.

4. Highly Periodic Dunes

[10] Other studies already reported anticorrelation of
surface slope and accumulation [e.g., Black and Budd,
1964; Frezzotti et al., 2005]. In order to further examine

the periodicity described above, we calculated the auto-
covariance (ACV) functions of the accumulation and the
surface slope as well as the cross-covariance (CCV) be-
tween those variables (Figure 4). The pronounced regular
side maxima in the ACV functions emphasize the presence
of oscillations. The largest magnitude of the CCV function
of slope and accumulation occurs at zero lag with a value of
—0.62, emphasizing that slope and accumulation are anti-
correlated. Power spectral analyses of the accumulation and
slope series reveal the wavelength of the features. The
respective CCV function indicate a dominant wavelength
at around 5.05 km. In all three spectra (auxiliary material)
other wavelengths have much lower powers, and the re-
spective main peaks are significant at the 99.7%-confidence
level.! We therefore conclude that the observed surface
undulations and accumulation variations are quasi harmonic
and strongly linked to each other. These characteristics,
being more detailed than reported in former analyses,
remind of megadunes [Frezzotti et al., 2002a], although
they lack the spatial extension of the megadune fields.
Moreover, observation of surface structure and its variabil-
ity is basically in accordance with the description of
Frezzotti et al. [2002a], who report large longitudinal
sastrugi on the uphill sides of the megadunes and glazed
surfaces on downhill sides. Generally, the mean accumula-
tion in this coastal area is higher than on the polar plateau
and the differences between the leeward and windward
surface features are not as pronounced as in the megadune
areas. We likewise observed large sastrugi fields, associated
with locally increasing surface elevation, whereas smoother
surfaces tended to be located in troughs.

'Auxiliary materials are available in the HTML. doi:10.1029/
2006GL027871.
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Figure 3. (a) Linearly detrended surface elevation, (b)
surface slope, and (c) GPR-based accumulation pattern on
the main flow line. The solid line in Figure 3¢ corresponds
to the time period 1980-2004, the dashed to 1970—2004,
and the dashed grey line to 1970—1980. Glacier flow is
from left to right. Note that only features within the first
7 km downstream of the central firn core are shown.

[11] From the radargram along the uppermost 25 km of
the main flow line (Figure 2) it is obvious that relative
motion between the accumulation pattern and firn column
takes place, as observed on the polar plateau [Frezzotti et
al., 2002a]. Buried crests of former dunes are slightly
displaced to the crests of current surface dunes.

[12] By comparing the maxima in depth of the deepest
continuous IRH (1970 + 2 years) with those from the
shallower continuous IRH (1980 + 2 years) we can deter-
mine the relative migration velocities. From those phase
lags between maxima in layer depth only half the velocity is
derived due to interferences as demonstrated by Arcone et
al. [2005] using trigonometric argumentation. Taking this
into account, we calculated migration velocities which are
basically in the range of glacier-flow velocities. However,
uncertainties of this estimation, introduced by the horizontal
placement of the troughs in depth distribution and especially
by the dating uncertainty of the IRHs, prevent a clear
prediction about possible dune migration from groundborne
data. Analysis of SAR data from ERS-1/2 (April 1996)
allows us to derive detrended elevation values along the
main flow line which can be compared with the detrended
surface elevation from the GPS data recorded during the
expedition in January 2004 (Figure 3a). The detrended
surface-clevation curve from the GPS data is displaced
upstream in relation to the one derived from the SAR data
(auxiliary material). From the displacements (peak-to-peak
and trough-to-trough, respectively) we obtain mean migra-
tion velocities for the time period of 8 years (1996—2004).
The mean relative migration velocity of the surface undu-
lations results as 60 m yr~' with a 1o standard deviation of
20% in opposite direction to the glacier flow. The uncer-
tainty of this estimation is about 8%. From Figure 1b it is
obvious that the dunes are oriented mainly in East-West
direction, thus introducing an angle of 25—45 degree
between their orientation and the direction of the GPR
profiles. Taking this into account, the obtained migration
velocities reduce to values ranging from about 35-58 m
yr~ ! with an average velocity of 45 m yr' and a standard
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deviation of 22%. However, the DEM indicating the orien-
tation of the dunes (discussed below) should be considered
with caution because of the sparse data base.

5. Dune Extension and Genesis

[13] Unlike the megadune fields, our dune-like patterns
are not clearly visible in satellite imagery, e.g. MODIS. This
can be explained by the generally higher accumulation,
about one order of magnitude higher compared to the polar
plateau, and the less pronounced differences in reflection
characteristics in our case. Analysis of ICESat altimetry data
(Release-12, -24, and -26, http://nsidc.org/data/icesat) com-
bined with groundborne GPS data allows us to derive a
preliminary digital elevation model (DEM) of the investi-
gation area. After smoothing this DEM using a median filter
and calculating the differences between the original and the
smoothed DEM we conclude that the periodic dune patterns
laterally extend several tens of kilometers parallel to the
mean surface slope (Figure 1b). Between about 11.2 E and
12.0 E they are almost parallel to the mountain range of the
Wohlthat Massif, but further west they bend towards
the North/North-East. Assuming katabatic winds from the
mountains of Wohlthat Massif, the dunes would be trans-
verse to the main wind direction. Beyond the western edge
of Wohlthat Massif the wind pattern follows the main
surface slope and changes direction, resulting in a bent
dune orientation. No meteorological data are available so far
to prove these assumptions. Up to now there are no AWS
installed nearby and model data from atmospheric models
are not able to resolve small-scale near-surface wind pat-
terns in this orographically complicated region (M. v. d.
Broeke, personal communication, 2006). The analysis of
wind pattern in this area in future field campaigns would be
helpful to further explain the existence of the dunes.

[14] In principle, bedrock topography could also cause an
undulating surface, which then changes the accumulation
pattern. Yet bedrock topography from a nearby airborne
radio-echo sounding does not indicate any regular features
that could be responsible for the observed small-scale surface
undulations [Damm and Eisenburger, 2005; D. Steinhage,
personal communication, 2006]. We thus suggest that the
periodic dunes are generated by a feedback system between

0 é 16 1‘5 éO 25
Distance (km)
Figure 4. Auto-covariance functions (a) for surface slope
(dashed line) and accumulation (solid line) and cross-
covariance (b) between accumulation—slope (solid) and
accumulation—detrended surface elevation (dashed).
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atmosphere and cryosphere similar to the description by
Frezzotti et al. [2002a] and Pettré et al. [1986], and not
by dynamic influence of the bedrock topography on the
surface.

[15] In summary, we conclude that undulations of surface
slope interact with the wind pattern to generate highly
regular dunes in this near-coastal area. This finding has
implications for other coastal areas where similar periodic
dunes exist. The regional representativity of firn-core inter-
pretations in those areas is likely very limited, since orographic
variations on the order of a few meters per kilometers signif-
icantly influence snow accumulation. Moreover, change de-
tection for coastal areas is the focus of several remote sensing
missions, like ICESat, GRACE, or Cryosat-2, aiming at
Antarctica’s continental mass balance. Although coastal accu-
mulation patterns were expected to be complex due to wind
action, as evident from blue ice areas, the occurrence of highly
periodic dunes on small spatial scales further complicates the
picture. Future studies in coastal areas should keep an eye on
surface features and closely examine snow structure and
surface topography in order to assess the distribution and
magnitude of other dune patterns at coastal sites.

[16] Acknowledgments. Preparation of this work was supported by
the Deutsche Forschungsgemeinschaft (DFG) through the VISA project,
funded under grants Di 473/17 and Jo 191/8. O.E. was supported by the
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Abstract. These pages comprise the auxiliary material to the puldic&eriodic
surface features in coastal East Antarctica. We include a comparison between linearly
detrended surface-elevation data obtained from GPS and $AR, respectively.
Furthermore we provide spectra of accumulation series dsawef surface-slope series

and of the CCV function between those parameters.



Figure Captions

Figure 1. Detrended surface elevation on the main flow line obtainechfGPS data (solid,
2004) and from ERS-1/2-SAR data (dashed, 1996). Note teaepective peaks and troughs
of the GPS data are displaced upstream in relation to thodedAR data. (Glacier flow is

from left to right.)

Figure 2. Spectra of surface slope (a), accumulation (b), and of thesecovariance function
(c) between accumulation and slope. The solid lines dehetegspective spectra, the dashed

lines show the 3-fold standard deviations.
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Figure 1. Detrended surface elevation on the main flow line obtainechfGPS data (solid,
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Figure 2. Spectra of surface slope (a), accumulation (b), and of thesecovariance function
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ABSTRACT. The accumulation rate on Potsdam Glacier, East Atarctica, and its spatial and temporal
variations are examined using ground-penetrating radar, aow samples, and firn-core studies. Physical
properties in snow samples and along firn cores provide distbutions of density with depth, showing only
small spatial variation. Counting of peaks in§'®*O along the firn cores yields an age—depth distribution
that is transferred to the stratigraphy of isochronal internal layers observed with radar. From two radar
horizons we determine the spatial accumulation pattern, asraged over the time periods 1970-1980 and
1980-2004. The shape of internal layers indicates an ablati area at the eastern margin of the investiga-
tion area. Accumulation rates show a very high spatial varidility with a mean value of 141 kg m—> a~* for
the time period 1970-2004 and a standard deviation of almo$0%. Mean temporal variation of only a
few per cent throughout the investigated area for the obsemd time interval is much less than the spa-
tial variations. The mean accumulation values are somewhdess than values reported before from this
region. Accumulation pattern and surface topography are Ihked in a way indicating that windborne re-
distribution of snow significantly contributes to the obsewed spatial variations of accumulation rates. The
accumulation data and their variability complement and valdate present and future satellite studies of
Antarctica’s mass balance.

INTRODUCTION observed IRHs arise from contrasts of dielectric perniitiin

Surface mass-balance studies of the Antarctic ice sheefaire  the subsurface. In the upper hundreds of meters densityhkas t
tal importance for an enhanced understanding of the Eatir's  MOst significant influence, affecting the real part of theediggic
mate and its changes (Rignot and Thomas, 2002; van der Vee!agrmittivity (Eujita a.nd others, 1999). IRHs are shown toobe
2002) as the polar regions are able to contribute signifigant iSochronal origin (Eisen and others, 2004; Vaughan andrsthe
to global sea-level change (Wingham and others, 1998). It i€004) and from their estimated age and a density-depthi-distr
therefore crucial to determine the mass fluxes of the Aritarct Pution the mean accumulation rate for a certain period can be
ice sheet, for example by using remote sensing techniquiés afalculated. .
satellite-based methods. Variations of accumulation amsity I this study, we present GPR and firn-core data from a rela-
on temporal and spatial scales also influence the relatioveigs  tively small area in East Antarctica where no reliable acalam
elevation changes and changes in gravity and mass. The knowion data of high resolution have been available so far. Hiigh
edge of spatial and temporal patterns of ice-mass changes prduency GPR measurements were carried out on.Potsdam Glacier
vides key information especially for the validation of time- N Neuschwabenland, the coastal part of Dronning Maud Land
varying gravity field as sensed by GRACE (Scheinert and sther (DML), during the Antarctic summer season 2003/2004. Shal-
2005). (For a general overview of the GRACE mission see Tapl_ow firn cores were drilled at selected locations along tliara
ley and others (2004)). For this reason small-scale variatof profiles. Two interpal reflection horizons are traceql thhaug
the accumulation rate play a significant role and need to be irseveral GPR profiles and dated by a reference firn core. The
vestigated closely by groundborne operations. firn-core analyses give relations between traveltime-deypid
Usually accumulation data are derived from firn cores, Sno\,\gensity—depth that can be used to derive the regional adesmu
pits or stake reading®(g.,Oerter and others, 2000; Kreutz and tion pattern from these tracked IRHs.
others, 2000; Isaksson and Karlen, 1994; Melvold and others
1998). But they yield only information about the local acadiaa
tion rate at the probing location. In recent years, grouedetrating STUDY AREA

radar (GPR) measurements have proved a useful tool to map refe sy dy area is located south of the Schirmacheroase atid no
ative variations in surface-mass balance over larger @8€s ot \wohithat Massif (Figure 1a). Most parts of Potsdam Glacie
connect snow pits gnd firn-core drilling sitesd., Richardson 5.0 above 1000 m a.s.l. and have a mean annual air tempera-
and others, 1997; Pinglot and others, 2001; Rotschky ar&isith e pelow -20C (Bormann and Fritzsche, 1995). The average
2004; Sinisalo and others, 2003; Spikes and others, 200@J:1 jcq thickness is more than 1200 m and subglacial topography i
nal reflection horizons (IRHs) detected by GPR can be used tQ 5 acterized by deep valleys with some subglacial highst

match signalg found in differen.t firn cores along the GPR proyg Eisenburger, 2005: Meyer and others, 2005). The sueface
files and assist proper correlations between the firn comes. T o\ ation declines from almost 1350 m a.s.l. in the southweste
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a Longitude layers were found, and below 50 m unstratified ice with small
12.0 bubbles occured (Bormann and Fritzsche (1995) and refesenc

13 0
heroase therein). . . .
7075 Studies of ice flow in this region have been undertaken among
ovolazarevskay others by Korth and Dietrich (1996). They carried out difer

tial GPS measurements and stake readings along the GP&signa
on traverse lines going from Novolazarevskaya station tmHu
boldtfjella and Gruberfjella, respectively (Figure laheTflow
pattern of Potsdam Glacier has also been deduced by imderfer
GLP‘C\ER metric SAR analysis (Dietrich and others, 1999), as wellhas t
A line of highest flow velocity, hereinafter referred to as thain

\ﬁ, \‘ r flow line. The velocities in the direction of glacier flow ineh
) & area of investigation are increasing from about 20-30"n &
, & é?u%>’rf'ella the higher elevation parts to 70-80 m'ain the lower region.

; ! Vertical velocity is unknown. Glacier flow is mainly divenge
g in the higher elevation parts of the glacier whereas in thesto
PSS\? elevation parts laterally convergent flow is observed (Bagnd

others, 2002, 2003).

-71.00 + T

-71.25

Latitude

-71.50

. METHODS
km ' ' GPR and GPS Data

0 50 During the expedition 2003/2004 a 50 km long radar survey lin
was collected along the main flow line of Potsdam Glaciere&hr
cross profiles were surveyed, each one being 8 km long (Fig-
ure 1b). We used a commercial RAMAC radar system (Mala
Geoscience, Sweden) with a bistatic shielded 500 MHz aatenn
that was connected to the central unit via fibre optic calidesa
were stored on a Husky Px5 computer. The GPR antenna was
mounted behind a Nansen sledge pulled by a snowmobile at an
average speed of5 km h™'. Traces were recorded every 0.5 m
triggered by a distance wheel. Each trace consisted of 20#8 s
ples in a 400 ns time window, thus mapping the upp85—-38 m
of the snowpack. Differential GPS data were collected siaul
neously with GPR data. The roving station was mounted on the
snowmobile, and two reference stations were situated dietiole
'W' P T DY camp,i.e., about 1 km south of point F33 (see Figure 1), and at
20 30 40 50 60 70 80 90 the Schirmacheroase, respectively. The GPS data wereisalle
Horizontal surface velocity every second using a Trimble 4000SSi receiver and a chake-ri
antenna. Processing of GPS data yields positions for the GPR

Fig. 1.a) Overview of the area of investigation. Black line: main profiles as well as surface elevation. The relative accubsey
flow line of Potsdam Glacier (BaRler and others, 2002); blac tween the differential GPS points is generally in the ranfe o
squares: start/end points of GPR profiles along the flow lineseveral millimeters to a few centimeters for longitude aai |
(Map source: Antarctic digital database 4.0.) Grey linestour  itude and of some centimeters to about one decimeter for the
lines of elevation at 200 m intervals; thick grey line: 100@om-  elevation. However, due to the movement of the roving statio
tour line; large grey rectangle: area depicted in b. b) $kefc over severe sastrugi fields, we assume that actual accueacy d
GPR profiles (black lines) and firn-core locations (blackssga)  clines to some centimeters for longitude and latitude aadives
with point names (Fxxx). Profiles 041201/041202 correspgond a few decimeters for the elevation. The radar data were psece
the main flow line; glacier flow is from left to right. Distarce Using Paradigm Geophysical FOCUS version 5.0 software by ap

F39-F33 and F33-27 amount to 25 km each. Grey scale indplying gain control, filtering using a Bandpass butterwdiitier
cates magnitude of glacier-flow velocity. with cut-off frequencies of 350 MHz and 850 MHz, and correc-

tion for the first arrival of the direct wave. From the proeass
radargrams IRHs were tracked semi-automatically usingdtan
mark OpenWorks release 2003.0 software. Within the demth se
tion covered by the firn cores (given below) two internal honis
could be tracked throughout more than one GPR profile.

=711

Latitude

-71.2

-71.3

part of the area of investigation to about 850 m a.s.l. in thém
eastern part. Accumulation dominates in this region withek-
ception of small ablation areas around several nunataly.i®n
the very northeastern part of this glacier, near and eastef t
Schirmacheroase, a large ablation area is found that reaghe Firn Cores and Snow Samples

to the eastern Wohlthat Massif (Bormann and Fritzsche, 1995At five locations (Figure 1b, Table 1) along the radar profiles
Analysis of a firn core drilled at 788’'S, 1122’ E, some 15 km  shallow firn cores were drilled, being between 12.5-13.5 epde
away from our radar profiles, showed snow and firn with someéAt the same sites 2 m deep snow pits were dug which were
ice layers up to a depth of 27 m. From 27-51 m stratified iceprobed in intervals of 5 cm, giving 40 samples per pit. The-den
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Fig. 2. a) Processed radargrams from profiles 041201 and 041202wfite arrows mark the IRHs chosen for the determination
of the approximate beginning of the transition zone fromuawglation to ablation. b) Depth distribution of tracked ataded IRHSs.
Black solid line: IRH 1 (1980), black dashed line: IRH 2 (197@rey dashed line: IRH la (1995), light grey line: IRH Ib @9, dark
grey line: IRH Ic (1989).

sity of the snow samples was determined in situ from the w 0 0
and the known volume of the probing cylinder. a b
The firn cores and snow samples were transported to Gel Es E s
and analyzed in the cold laboratory at AWI Bremerhaver £ £
physical and chemical properties. Snow-sample data werd & 10 & 10
to link firn-core data to the surface due to poor core quatitihe
upper 1-2 m of drilling. Thé**O ratio was determined by me SR TS e 5 s o 20
spectrometry for both the firn cores as well as the snow ' ' € ' ’ oEsmY
ples. Firn-core analysis covered measurements of densiityg 0 0
gamma-attenuation profiling as well as dielectric profil{eAP c d
and DEP, respectively) that yield density, dielectric pietity, Es Es
and electrical conductivity of the firn (Wilhelms, 1996, 200 =4 £
810 810
Determination of Accumulation Rates
We derive distributions of electromagnetic wave speed an 400 0 (‘T’(gom-s) 600 s %0 518622,&) 20

mulative mass with depth from the firn-core data. The meat: veu
ues of density, dielectric permittivity, and conductivafall five

firn cores are used, since no further information about ttezdh
variations of those parameters between the firn-corertgilites

Fig. 3. Data from firn core F39: a) Dielectric permittivity, b) elec-
trical conductivity, ¢c) density (from GAP), and d)*O.
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Table 1. Location of firn cores 0 0

2
Firn core  Pointnanfe Latitude Longitude Elevation (m) £ 4 — 5

£
~ 6 ~10

FB0401  F33 71.110709S 11.646268 E 1013 =1 8 £
FB0402  F332 71.143130S 11.693510E 1076 2 215
FB0403  F39 71.253401S  11.122667E 1315 10
FB0404  F331 71.078270S  11.599180E 1008 12 - 20 \
FB0405  F27 71.044023S  12.332327E 848 - R

300 500 700 _200 0 50 100 150 200 250
*point names as in Figure 1b Density (kg m ) 0 TWT (ns) .

C 2 d .o’..

5 4
is available. Cumulative snow mass is obtained by integnatf élo £ 6 ..o"‘
the mean density profile derived from the GAP measureme =1 £ 8 o
Calculation of electromagnetic wave speed from DEP-ddri 215 8 10 o
parameters follows the procedure described by Eisen and 20 .,:‘
ers (2002). Error estimates are given below. Since the firasc AN 12 o
reach only a depth of about 1_2 m below the surface, the 0 5000 10000 15000 1960 1980 2000
of the TWT—depth and cumulative mass—depth models were Cumulative mass (kg m™2) Year

trapolated up to a depth of 25 m. Extrapolation was done us-
ing Matlab’s polyfit routine by fitting a third order polynoadi

; . ; Fig. 4. a) Density distribution of all firn cores. Thick grey line:
(Richardson and others, 1997; Frezzotti and others, 295l ) L . L ;
ing a correlation coefficient of R = 0.90. Age-depth profiles a oo Solid black line: F332, light grey line: F39, dark greyet

determined by counting th#*O peaks which indicate summer F331, black dotted line: F27. Note that the density plotsodire

maxima (McMorrow and others, 2004, and references therein) set by intervals of 50 kg r? in order to distinguish the individ-

Consistent dating of the different firn cores turned out to beual cores. b) Model for TWT—depth and ) model for cumulative

difficult due to local variations in thé'®*O profiles which did mhass—tzljeﬁ)tg. I_n e(;trfler plor: (band c) tlhe soh: “r(;e cr:)r[jecli_pmo h
not allow clear identification of maxima and minima for everyt e model derived from the mean values, the dashed line to the

firn core. However, firn core F39 shows50 profile with pro- one derived from firn core F39, and the dotted line to the one
nounced maxima ,and minima. (Figure 3d) so it was used as fer10m F27. d) Depth—age scale as derived from the dating of firn

reference core for the interpretation of the radar data2fE8aild core F39.
likewise be dated sufficiently by i&8*0 profile. However, since

the tracked IRHs do not reach up to this core, F332 could not bgyo dated IRHs (IRH 1 and 2) this latter uncertainty does fiot a
used for dating the GPR layers. The two tracked horizons (IRHect the estimated age since 8.65-m2 m and 11.550.2 m still

1 and IRH 2, see Figure 2b) are dated against F39 by comparingrrespond to the years 1980 and 1970, respectively (Fig)re
the depth of the respective IRH at the coring location with th From analytic error propagation the overall root-mean sgjea:
depth—age scale of the firn core. The depth values for the BHS ror in accumulation rates becomes 11.5 % for profile 041201.
the drilling location are 8.65 m (IHR 1) and 11.55 m (IRH 2)dan The |argest error was found to be 20 %. We therefore assume
their estimated time of origin is 1970 and 1980, respegtje?  that the accumulation values presented in this paper areatec
years for each dating. Three more IRHs (IRH la, Ib, and Ic, segithin about 12 % on average. Errors from ray-path geometry
Figure 2b) that could only be tracked throughout the uppstmo due to the separation of transmitting and receiving antemaa
~20 km along the main flow line are dated by the depth-age scalgeglected, since transmitter and receiver are separateuhligy

of F39 as well: their estimated times of origin are 1995, 189® .18 m. For the same reason refraction within the snowpack ca

1989,+1 year for each dating. be neglected (Sinisalo and others, 2003).
The accumulation rate along the GPR profiles can be calcu-

lated by dividing the cumulative mass difference of two sedd

IRHSs by their respective age difference. RESULTS
GPR Profiles
Estimation of Errors In the processed radargrams the undulations of internarday

Errors in our density-depth distribution are assumed tofbtou can clearly be seen (Figure 2a). Internal layers show ldopes

14 % at a depth of 12 m determined from the difference betweealong the profile 041201. At some locations the verticaladise

the mean values.é.the model used) and F39 and F27, respechetween separate layers is very small (for example at —16 to
tively (Figure 4c). This includes errors from the densityasiere- —17 km) whereas a few kilometers away the same layers are
ments using GAP which are up to 10 kg m(Wilhelms, 2005).  spaced more widely (for example from about —10 to —15 km).
Accuracy of DEP derived parameters is within 1 % (Wilhelms,Comparable undulating patterns have been reported before i
1996). Errors in TWT—depth conversion using DEP data are upML, for example by Richardson-Naslund (2001). Closelgcgul

to 1 % as shown by Eisen and others (2002). Errors in calculdayers indicate areas with less accumulation whereas midiyw
tions of the cumulative mass from the density profiles are-lik spaced layers are associated with regions of higher aceamul
wise up to 1 % due to error propagation. The dating unceytainttion. Along profile 041202 (Figure 2a) layers are ascending i
of the two IHRs used for determination of area-wide accumulathe direction of glacier flow (with the exception of the locedl-

tion rates ist-2 years. Errors in tracking of IHRs are up#®2 ns  dulations in the first 6—7 km). Such patterns are charatiefis
which yields depth variations of up 0.2 m. However, for the ablation areas and the transition from an accumulationtaraa
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ablation area, where internal horizons come to the surfaee d
to surface erosion. However, it is not possible to resolveadc
ablation from very low accumulation by GPR internal laygrin
A layer outcropping at the surface at a certain location gikve
GPR profile would only yield zero values for accumulation or
ablation for this very point. Besides, the isochronal layean-
not be traced up to the surface since they are lost withinitihe t
window of the direct wave (here: the uppeR0 ns, equivalent ] ] ]

. . . . Method Time period Meanacc. Std. Min. Max.
to ~2 m, Figure 2a). Assuming zero advection, ascending layers
with a_ngles<9(_)° relative to the_surface would still provide accu- oo o 19701980 142 51 18 335
mulation, albeit low values (Figure 2a, near x=25 km). Witho  pg_|rHs

Table 2. Accumulation values in the area of investigation, given
in kg m™? a~'. Note that the first three lines (GPR-based accu-
mulation rates) represent spatial means from the area esiinv
gation whereas the last two lines (firn-core derived accation
series) represent temporal accumulation means for thepgene
riod covered by the firn cores at the respective coring loaati

1980-2004 140 48 27 318
advection, therefore only layers emerging perpendicukrbC GPR-IRHs 1970-2004 141 47 31 290
indicate ablation. Yet in our case we can conclude from the as
cending IRHs that the transition zone from accumulatiorbta-&  Firn core F332  1966-2003 161 39 60 327
tion is present and visible in the radargram. Since we do hdve Firncore F39  1968-2003 176 30 96 289

vection effects here, we cannot clearly define the beginoiitige
ablation area. Thus, we do not address the actual ablaté ar *one-fold standard deviation in % of the mean
but rather the transition zone where very low accumulatioth a
also local ablation might occur. We define the beginning & th .

zone by the point where the first IRH would reach the surface’.A‘CCl"mL"atIon Rates

Using two different IRHs marked by the white arrows in Fig- The mean accumulation rate in the area of investigation is de
ure 2a and extrapolating from their respective slopes tletpo rived for the time periods 1970-1980, 1970-2004, and 1980—
where they would reach the surface results 4#2%.35 km and 2004, with 2004 corresponding to the surface at the time tf da
x=23.84 km, respectively. Since these IRHs could not be datecollection (Table 2). The depth distribution of the datetHtRs

we are unable to apply a sufficient correction for glaciewfie-  depicted in Figure 2b. Taking into account a mean glaciev-flo
locity. By choosing one very shallow and one rather deep IRH/€locity of 45 m a' results in the accumulation distribution
we can at least conclude that the transition zone from vewy lo along the main flow line (Figure 6c). Furthermore, annualiacc
accumulation to ablation starts at this part of Potsdam i&lac mulation rates are obtained from the two dated firn cores (Ta-
between about 21-24 km downstream of F33. Thus, the actufle 2, Figure 5a).

ablation area is to be expected slightly farther downgtastgch

is in accordance with the description of Bormann and Fritesc
(1995) and Horwath and others (2006a).

DISCUSSION OF ACCUMULATION FEATURES
Temporal Characteristics

Comparing the mean values of the GPR-derived accumulation

rates from Table 2 we conclude that the spatial variabilky e
Firn-Core Data and Density Distribution ceeds the mean temporal variability for the time periods- con
The parameters derived from the firn-core analysis are tipic sidered. This has been reported before at other places in Eas
in Figure 3 for firn core F39. Dielectric permittivity as wels ~ Antarctica, for example by Frezzotti and others (2005). fEine-
density increase with depth (Figure 3a and c) but the pasmet

do not reach values of solid ice € 917 kg n?) within the 2005

depth section covered by the firn cores. Some of the peake of b
density coincide with observed ice lenses in the firn core. 2000}
Figure 4 shows the models for TWT—depth (b) and cumulati —
mass—depth (c) as derived from the mean values and from 1995¢
"extreme” cores, i.e. the core with the lowest mean den&iBgj 1990+
and the core with the highest mean density (F27). Down tc _
depth of about 5-6 m the density values of the different fineso E 1985}
are very similar (Figure 4a). Below this depth they startiffed
slightly, up to~100-150 kg m?® at about 12 m depth. In the 1980¢
upper 6—7 m density variations within one specific firn core a 1975}
usually larger than the variations between the differemesat )
the same depth. Generally, F27 shows the largest densitgsal 1970¢
This core was drilled on the lower elevation part of the glaci 1965 - ‘ ‘ ‘ e
where the radar data indicate an ablation area nearby arasdist 100 200 300 140  _ 160 180 -50 0 50 100

Acc.(kgm2a™l) Diff. (%)

a blue ice area is found (Bormann and Fritzsche, 1995; Korth ¢
Dietrich, 1996; Horwath and others, 2006a) where the sarfac
density should be higher than in the firn areas. Thus it can bEig. 5. @) Year-to-year accumulation values obtained from firn
assumed that density in the area of investigation will iasge core F39 (black solid line) and F332 (grey solid line); thepec-

in the direction of glacier flow which is in accordance withrou tive core means are depicted by the black dashed line (F2B) an
findings. However, density values of F27 are still in the mof  the grey dashed line (F332). b) Accumulation rates for adary
firn density and do not reach the density of solid ice. Thegefo mean for F332 (grey, dashed) and F39 (black, solid). c) Wdria

we conclude that this part of the glacier is dominated by ftrn aity expressed as per cent difference of the respective ceeaxm
least in the uppermost 12 m. Grey Iine/grey triangles: F332, black line/black Squa@.
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E 1400 ‘ ‘ ‘ ‘ The linear trend along the profiles 041201/041202 amounts to

S 1200 a 1 4.9kgnr?a ' km™'. This is in accordance with the observation
§ that IRHs tend to come to the surface at lower elevations en th
2 10007 ‘ ‘ ‘ ‘ ] main flow line (Figure 2a).

b ‘ ‘ a0 E Surface slope and slope of accumulation (Figure 6d) show
jgo IS regular undulations similar to those in surface elevatibig-(
<

=20 ure 6a,b) and in accumulation (Figure 6c). Anschitz andrsth
1-40

al

(2006) show that these undulations are likely caused by @ fee
back system between atmosphere and cryosphere similae to th
features ruling the genesis of megadunes on the polar platea
(Frezzotti and others, 2002). Comparable association dsatw
surface slope and accumulation has been reported beforgamcA
102g tica (among others Black and Budd, 1964; Pettré and others,
2 1986; Goodwin, 1990; Vaughan and others, 2004; Eisen and oth
) ers, 2005) and is attributed to wind influence (King and ather
5 20 15 10 = o & 10 15 2004) where accumulation maxima are located within surface
Distance from F33 (km) elevation troughs and on the windward slopes. Local denati
from this general pattern in our data are possibly due tewfit
Fig. 6. a) Surface elevation, b) linearly detrended surface elevaocal-scale near-surface winds. Another reason probaties
tion, ¢) accumulation pattern, d) gradient of accumulatiod ~ from the correction for glacier flow where we used a measured
surface slope on the main flow line. The solid curve in (c)eorr mean flow speed of 45 nTa to correct the GPR layer depths and
sponds to the time period 1980—-2004, the dashed to 1970-2004us the accumulation pattern. Flow speed is not constangal
and the dotted curve to 1970-1980. The solid line shows the li the main flow line but increases with decreasing elevatioeaM
ear trend fitted to the accumulation pattern. The solid lingd) ~ surements of spatial variations of ice flow are too inaceutat
corresponds to the slope of surface elevation (verticathgger-  allow a more detailed correction of the isochronal layetsus]
ated by a factor of 5) in m mt, and the dashed line represents accumulation maxima can be slightly misplaced due to Igcall
the slope of accumulation (1980-2004) in kgta ' m™. incorrect consideration of glacier-flow speed. Howeveg, g¢ha-
tial variability of the accumulation rate is not affected these
errors.
poral variations in accumulation rates derived from GPR-mea
surements for the time periods 1970-1980 and 1980-2004 afeomparison with Other Studies
about 1.5 %, calculated from the mean values of the resgectivOther groundborne data in this region are sparse, but there a
time periods. However, interannual variability obtaineshf the  a few accumulation values available from pit studies anklesta
two dated firn cores (Figure 5a) is high, showing one-folah-sta readings.
dard deviations of 30 and 39 %, respectively (Table 2). Biffe  Bormann and Fritzsche (1995) report a mean accumulation
ences in per cent of the firn-core mean values range from —63 Yalue derived from pit studies in the vicinity of a drill hoke
to +103 % for F332 and from —46 % to +65 % for F39 (Fig- 70°58' S, 1122’ E, about 15 km north of our radar profiles
ure 5¢). A mean over 10 years of the accumulation series 0lp41201/041202, thatis about 130 kgta~* (1950-1984) which
tained from the firn cores indicates a slight decrease at BB82 s in accordance with our mean values.
an even smaller increase at F39 for the time period 1984-1993 The mean annual accumulation from the stake readings pre-
(Figure 5b). Although the time scales are rather short, g sented by Korth and Dietrich (1996) on Insel traverse rogte (
gests that the accumulation pattern comprising the laseafsyis  ing from Novolazarevskaya station to Humboldtfiella, ség-F
quite stable on decadal scales in relation to the annualbitity.  ure 1a) is 131 kg m? a~* with a standard deviation of 140 %

. o because some of the stakes are located in an ablation atiea. Th
Spatial Characteristics comparison should be viewed with caution, since the staae-re
Generally, our mean core-derived accumulation rates avatab ings cover the period 1988-1993 so the time interval of tfierdi
12-23 % higher than the average GPR-based accumulatian ratent accumulation values is not the same. Furthermore, korth
in the investigation area. We therefore conclude that tle sp Dietrich (1996) do not state actual values for the densiifed
tial representativity of the firn cores is limited as has bden  to calculate the accumulation. However, their mean valua is
cussed before for West Antarctica (Spikes and others, 28d) the range of our mean values, indicating that the overatlidis
the western part of DML (Richardson-Naslund, 2001). The-sp tion of accumulation is quite stable for the different tineipds,
tial variability of GPR-derived accumulation rates alohg tnain  although there are obvious small-scale differences. Naires
flow line is very high (Figure 6c). Differences in per centbét obtained at stakes in the vicinity of our profiles, about 1 kmay
mean range from —81 % to +125 % for the time period 1980-from the main flow line, are about 250 kgtha~' which is
2004, showing an undulating pattern. Accumulation ratesvsh much larger than our nearby values of some 50 kg m*.
strong spatial gradients of up to 105 kg'fna—* km~' with  Yet accumulation rates for the time intervals 1980—1988019
pronounced changes from increasing to decreasing acctiomula 1992, and 19801995 along profile 041201 (calculated frokh IR
in the direction of glacier flow, sometimes even within ldssrt  la, Ib, and Ic, see Figure 2b) are between 18% and 35% higher
1 km. For example, going from near F33 1 km upstream yields #han the other values in our study. Taking into account thente
10-fold increase in accumulation (from about 30to 330 kg an ') from Korth and Dietrich (1996) this might indicate a higher a
for the time interval 1970-1980. Average accumulation grad cumulation at this part of the glacier during the 1980s antyea
ents are on the order of 23 kgha ' km~'. Generally, a de- 1990s of about 25 % compared with the previous period (1970—
crease in accumulation in the direction of glacier flow ishiess ~ 1980). Due to the dating uncertainty of F39 caution has tcslee u
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with these findings. However, dating uncertainty does nfeicaf  of the firn core time series is only 0.6 a (Figure 5a). However,
the accumulation pattern itself or the spatial variabiitygich is  the accumulation pattern seems fairly stable on decad#&ssca
clearly demonstrated by our study. (Figure 5b).

The accumulation values in the area of investigation we pre- The GRACE mission, launched in 2002, is planned to cover 8
sented here are less than those reported by Giovinetto aalliZw years in total. Considering the discussion above, longtsur-
(2000) who derive values of some 200-250 kg’na~' for  face mass balance changes showing a considerably largal spat
this region of Antarctica. Vaughan and others (1999) reglet pattern would be sensed by GRACE. Hence, regional studies of
same as Giovinetto and Zwally (2000). Both studies are conmass fluctuations are very important to qualify the spatiete
cerned with larger areas and neglect small-scale feat@es. poral behaviour of the ice surface mass balance in largaisare
mean value of 141 kg nf a=* (1970-2004) is less than these and to discriminate surface mass balance fluctuations foog |
findings because an ablation area is in the vicinity of oudytu term ice dynamics. In this context, the results presentethisy
area which influences our results. Van de Berg and other$§200study combined with further estimates yielded by other angth
derive specific surface mass balance (SSMB) from a regidgnal afor adjacent regions (e.g. Richardson-Naslund, 2001s¢hbdy
mospheric climate model, estimating precipitation, sublion  and others, 2004; Frezzotti and others, 2005) provide fdua
and melt. Snowdrift processes are not considered. Thedmriz ground-based information to validate and interpret GRA®E o
tal resolution is about 55 km. They derive values of some 20Gervations.
kg m=2 a' for the vicinity of our study area which is likewise
larger than our mean accumulation values. Our study reweals
significant influence of blowing snow on the accumulation val CONCLUSIONS
ues in the area of investigation. So neglecting this prolilesly ~ We have combined GPR data and firn-core data to investigate
results in an overestimated SSMB for this area as given byd®an the accumulation pattern on Potsdam Glacier in Neuschwaben
Berg and others (2006). Large-scale compilations likedluii®d  land, East Antarctica. Accumulation rates show a very hjg s
above are usually based on a limited number of scattered-obseial variability in the area of investigation with a standaie-
vations. They do not take into account the spatial reprasigity ~ viation of almost 50 %. The generally decreasing trend of ac-
of the respective point measurements which may be obscyred lzumulation in the direction of glacier flow is overlain by &c
local-scale variability. Our study demonstrates a venhtspa- features. In accordance with other authors (Richardsasitid,
tial variability in this area of coastal DML and indicatesrmited ~ 2001; Rotschky and others, 2004; Frezzotti and others,; 2005
representativity of firn-core derived accumulation datécitare  cone and others, 2005; Spikes and others, 2004) we contlatle t
on average higher than the GPR-derived accumulation valueg is important to take into account the spatial represeritaiof
This might explain the higher accumulation rates in largagls  point measurements such as firn cores, snow pits or stake read

compilations of this area. ings when examining accumulation rates.
o ) ) Comparing the results from our study with previous work base
Implications for Satellite-Data Interpretation on stake readings nearby we found locally lower accumutatio

Satellite observations of surface elevation, for instamc&RS-  values, however, the previous study comprises a shortergan
1/2 and ICESat, and gravity from the GRACE mission (Tap-riod. We found indications that during the late 1980s andyear
ley and others, 2004) can provide mass-distribution chrmage  1990s accumulation has been slightly higher (about 25 % com-
cording to the mission-specific spatial and temporal reé&mig.  pared to the period 1970-1980). Large-scale studies orréitta
Combining GRACE data and altimetry data helps to discringina accumulation show values between 200-250 k§ ar* for our
ice-mass changes (Zwally and others, 2005) from heightggran investigation area. The lower values found in our study aee p
induced by glacial isostatic adjustment or by changes invsno sumably owed to an ablation area that influences our resuts a
and firn density (Wahr and others, 2000). However, the effechas not been accounted for in the large-scale compilatiass,
tive spatial resolution of GRACE monthly solutions is onbyree  well as significant influence of blowing snow on the local accu
hundred kilometers. To account for the GRACE error behavioulumation rates.
and to separate mass signals from different geographiinerig  Our results provide useful insight in small-scale featuaks
adapted filter techniques have to be utilized (Swenson arid,Wa fecting the accumulation in this area and can be helpfulrithér
2002; Horwath and Dietrich, 2006b). Hence, GRACE providesstudies, especially for validating satellite-based mzsance es-
only integrated mass-balance estimates over large areas. timates. Monitoring of local-scale accumulation changesiastal
Trends in ice-mass changes over a few years derived frorareas provides valuable information to increase our knigde
satellite observations may be either due to interannuatuffluc about ice-mass fluxes from ice streams and outlet glacilees li
ations in net ice surface-mass balance or due to long-teem idPotsdam Glacier (Hamilton and others, 2005).

dynamics. In order to distinguish between the two effecifar This study also complements published data sets and ershance
mation on the temporal and spatial covariance of the interaih  the evaluation and interpretation of ice-mass changesdratea
surface mass balance fluctuation is needed. of East Antarctica.

With regard to spatial covariance, Anschiitz and other8§p0
report spatial autocorrelation lengths of only about 1 knsfoface-
mass balance fluctuations. For values averaged over sorme hNCKNOWLEDGEMENTS
dred kilometers the small-scale variations (depositiosejoare  This work was supported by the Deutsche Forschungsgemein-
averaged out, hence, the standard deviation of temporalifluc schaft (DFG) through the VISA project, funded under grants D
tions will be smaller than the values of 30-39 % obtained from473/17 and Jo 191/8. O.E. was supported by the DFG “Emmy
the firn-core time series (Table 2). Therefore, such snualles Noether’-scholarship ElI 672/1. Comments from G. Hamilton,
fluctuations will not be resolved by GRACE. Concerning tem-R. Pettersson, and an anonymous reviewer greatly imprdweed t
poral covariance, there is, again, a large portion of sswdle  manuscript. The contribution of the field team and help in the
deposition noise in the firn core data: the autocorrelatmgth  laboratory is gratefully acknowledged.
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Temporal variation of accumulation patternsin western and
central Dronning Maud Land, Antarctica

Helgard Anschiitz Daniel Steinhage Olaf Eiser, Hans Oerter, Lutz Eberleir

Abstract. Spatial and temporal variations of the recent accumulata are
investigated utilizing ground-penetrating radar (GPRasmeements and firn-core
studies. The study area is located on Ritscherflya in wefeonning Maud
Land, Antarctica, at an elevation range between 1400-15&Gh GPR-derived
layer depths show little undulation along a 22 km profile oniaflow line.
Accumulation rates are derived from tracked internal réfi@chorizons (IRHs)
and the dating of a reference firn core. Average accumulasitas are about 190
kgm—2a! (1980-2005) with a one-fold standard deviation of 5 % aldreg@PR
profile. The interannual variability obtained from four eafirn cores is one order
of magnitude higher, showing standard deviations aroun%30/ean temporal
variations of GPR-derived accumulation rates are of theesaragnitude or even
higher than spatial variations. Temporal differences ketw1980-1990 and
1990-2005 obtained from two dated IRHs are not constangaloe GPR profile.
Comparison with similarly obtained accumulation data framother coastal area in
central Dronning Maud Land confirms this observation. Thaigpand temporal
variations of the accumulation rate are useful for the \aiah of satellite data,
e.g. from the GRACE mission, in further studies.

Introduction Moreover, these ice-mass changes from GRACE are aver-
aged over several hundred kilometers, thus neglectingsmal

The last years have seen increasing efforts in analyzingqje effects. King et al.[2006] propose an optimal aver-
future sea-level change [e8ingham et al.1998;van der 446 radius for temporal GRACE solutions-0500 km over
Veen 2002;Thomas et a).2004;Alley et al, 2005;Church  continental areas. Small-scale variations of paramefers a
and White 2006; Monaghan et al. 2006]. However, un- fecting changes of the ice sheet are of major importance in
certainties are sfull high, the Iargegt !ntrOdUCGd by th_e Ubrder to validate those satellite data. Spatial and tenhpora
certain contribution of the Antarctic ice sheet [eRRVIS  yariations of accumulation rates and density influence the
et al, 2005;Rignot and Thoma=002;Rignot et al, 2004;  changes of ice-sheet elevation. It is therefore cruciahto i
Vaughan 2005]. New satellite missions like GRACHE-  yestigate these parameters and their spatio-temporagekan
pley et al, 2004], ICESat Zwally et al, 2002], and the on small scales by groundborne observations.

upcoming CryoSat-2 are expected to give new insights in Often accumulation data have been derived from point
Antarctica’s mass balance, especially in coastal and moug—j
i

. easurements such as firn cores, snow pits, or stake read-
tainous areas, where the steep slopes prevented a Y gs [e.g.Oerter et al, 1999;Kreutz et al, 2000;Isaksson
cient determination of surface-elevation changes from ERS" Karlen 1994- Melvold et al 1998] " However they
data Vaughan 2005]. Several rece'nt.studm.zs report mas, ield only accumulation data at the probing location, leav-
rates for the West and East Antarctic ice shield (WAIS an g open the question of spatial representativity, as dised
EAIS) from Grac_e, yielding different resultVBIiciogna and by Richardson et al[1997]. They recommer;d ground-
W?ggg?ﬁge”l/? v;l:lgs OCf:h_ 1482t1 llmﬁogs (WAItS) penetrating radar (GPR) studies in order to investigate the
?%:14 kit ot ?orV\(/AIS a)r’1d +868th I?m[3 . 10262215_ spatial variability Qf accumulation'ratet‘s around a drglin
andRamillien et al[2006] give values of ~10223 kn? a_l’ site. GPR has widely been applied in recent years [e.g.
for West Antarctica and +6728 ki a— for East Antarc- Richardson and Holmlund 999;Rotschky et al2004;Sin-

tica. Th tainti d the diff highliaht & isalo et al, 2003; Spikes et aJ.2004;Eisen et al. 2005].
Ica. The uncertainties and the diterences NIgniignt 'a€ Ny o 5| veflection horizons (IRHSs) detected by GPR can be
cessity of ground-truthing for the satellite-based estima

used to match signals found in different firn cores along

T e L the GPR profiles. The observed IRHs are due to contrasts
1 - - -

Br:\r‘maerﬂa\(/vgr?eggr%nasrggu'{ fur Polar- und Meeresforschun%f dielectric permittivity in the subsurface where in the up
2Institut fir Planetare Geodasie, TU Dresden, Germany per hundreds of meters density has the most significant in-
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fluence, affecting the real part of the dielectric permityiv
[e.g.Fujita et al,, 1999]. IRHs are shown to be isochronous
[Eisen et al. 2004; Vaughan et al.2004], thus from their
estimated age and a density-depth distribution the mean ac-
cumulation rate for a certain period can be calculated.

In this paper we present groundborne data comprising
GPR profiles and shallow firn cores on a small grid on
Ritscherflya in western Dronning Maud Land (DML), Antarc-
tica. Accumulation rates are obtained along selected éck
IRHs which are dated by firn-core parameters. We discuss
the spatial variability of accumulation rates on the scéle o
few kilometers and the temporal variability on decadalecal
Moreover, interannual variability of accumulation ratds o
tained from dated firn cores is presented. We compare ou$
results with other nearby studies from western DML as well2
as with similarly obtained data from a coastal site in céntral
DML.

Study Area

The area of investigation is located in the grounded coastal
part of DML, some 10 km north of Kottasberge, which are
part of the Heimefrontfjella mountain range (Figure 1). S hi
area is characterized by gentle surface undulations at ele-
vations between 1400 and 1560 m a.s.l. and a glacier-flow
velocity of some 50 m a'. Distance to the Weddell Sea
coast is about 300 km. Ice thickness in the area of investi-
gation reaches some 2000 m with a rather smooth bedrock
topography Hteinhage et al2001].

The Heimefrontfjella mountain range marks the boundary
between the inland-ice plateau (Amundsenisen) and Ritsche
flya with the mountains damming the ice flow coming down
from the plateau. The mountain chains are directed from
South-West to North-East. Altitudes range fron2500 m
a.s.l. on Amundsenisen plateau to 1200-1500 m a.s.l. at the
foot of the mountainsfan den Broeke and Bintanja995].

Previous accumulation studies north of Kottasberge and
nearby have been carried out®grter et al [1999],Richardson-
Naslund[2004], andRotschky et a[submitted to J. Glaciol.,
2006]. Naslund[1998] describes interactions of landscape,
ice sheet, and climate in this area of Dronning Maud Land.
Along the traverse route from Neumayer station on the Ek-
stromisen ice shelf to Kottasberge (Figure 1a) and further
on to the EPICA deep-drilling station Kohnen on Amund-
senisen plateau firn cores have been drilled and analyzed
[Oerter et al, 1999]. The accumulation along the traverse up
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to Kottasberge is monitored by a stake line of 500 m spacirfggure 1. a) Overview of the area of investigation. Thin

between the individual stakeR@tschky et al.2006].

Methods
GPR and GPS

grey lines: elevation contour lines at 200 m spacing; thick
grey lines: 1000 m and 2000 m contour lines. The black
line indicates the traverse route from Neumayer station to
Kohnen station (not shown); the black filled circles are way-
points for navigation. The dark grey rectangle corresponds
to the area depicted in b. Map source: Antarctic digital data

In the Antarctic summer season 2004/2005 GPR me@yse 4.0. b) Sketch of GPR profiles and fim-core locations
surements were carried out on an ice-flow line and on croggiack squares). Thick grey line: profile on the ice-flow line

1European Project for Ice Coring in Antarctica

(against the flow direction); thin grey line: stake line ajon
traverse Neumayer—Kottasberge. Arrows indicate diractio
of GPR profiles. Glacier flow is from right to left. KC: Kot-
tas Camp.
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2
3 ' | Table 1. Locations of firn cores
ar i L
SM | Firncore Longitude Latitude Elevatién
_ 5 ] FB0501 -9.6786 -74.1438 1447 m
§ 7r R FB0502 -9.1556 -74.1885 1569 m
- | FB0503 -9.3977 -74.1555 1488 m
2l | FB0504 -9.8585 -74.0541 1420 m
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Figure 2. Depth distribution of the tracked IRHs of profile
051202. The solid horizons are used for calculation of t
accumulation rate.

Depth (m)

profiles (Figure 1b) using a bistatic shielded 500 MHz a
tenna (RAMAC, Mala Geoscience, Sweden) which was ptL
by a snow vehicle at an average speed of about 5 ki h
Traces were recorded every 0.5 m in a time window
400 ns, triggered by an odometer. GPR data were later 12795 > 0 1020 400 500 600 —40 —35 ~30 —25
processed by applying gain control, filtering using a bar € ousm? pkgm™) 50 (%.)
pass Butterworth filter with cut-off frequencies of 350 and

850 MHz, and correction for the first arrival of the directFigure 3. Measured parameters for FB0501: a) dielec-
wave. From the processed radar data IRHs were trackiic permittivity, b) electrical conductivity, c) densiffrom
throughout the GPR profiles where possible. We restrict ouGAP), d)§'80 profile.

selves here to the upper 12 m, i.e., the depth range covered by

the firn cores (see below) since only isochronous layers u . . .
to this depth are datable against the firn cores. On the profil ethod. Flrn-corg pgrameters are depicted exemplarily for
051202, going against the flow direction on an ice-flow IinéIrrl core FBOS01 in Figure 3.

(Figure 1b), four IRHs are tracked within this depth range. Cumulative snow mass was obtained by integrating den-
Their distribution of depth is rather smooth (Figure 2).  Sity profiles from GAP. Radar wave speed was calculated

Simultaneously with GPR data acquisition kinematic GPgom the prpfiles of dielectric permitt?vity to convert two-
data were collected at a sampling interval of one second, uday trlav_el time (TWT) of Fralckedllhor_|zgns to delpth and to
ing a Trimble 4000SSi receiver and a choke-ring antennﬁw(;]u atlvmg mass,l respectwg y, fo ownE‘l;se.n Iet al{2002]
The roving station was mounted on the snow vehicle, arf’ 'glnsﬁ tz et ah.[accdep:tef tOT'?/C'rI]'. é; acr|10 " 3006]' Ilior
the reference station was located on Weigel Nunatak, 10 Khytablisning such models Tor —depth and cumulative

south of Kottas Camp (Figure 1). Processing of GPS da{gass—depth the mean profiles of density and dielectric per-

yields information about the surface elevation along thecpMtvity of all f‘?“r firn cores were .US.Ed’ since there s no
profiles as well as GPR tracks. further information about lateral variations of those ahtes

between the drilling sites. However, profiles of density and

dielectric permittivity of the four firn cores show only srhal

deviations, where fluctuations within one specific core are
At four selected points (Figure 1b, Table 1) of the GPRnostly higher than differences between the firn cores at the

profiles shallow firn cores were drilled, between 12.0-12.7 ame depth (not shown).

deep. Firn-core analyses included density measurements

using y-attenuation profiling (GAP) in intervals of 2 mm Deter mination of Accumulation Rates

and dielectric profiling (DEP) in 5 mm intervalgilhelms The 550 profile of FBO501 (Figure 3d) has been used

1996, 2005]. The latter yields information about the dielec blish a depth | gati ‘ for th
tric permittivity and the electrical conductivity of the rir to establish a depth-age scale as a dating reference for the

Moreover, mass spectrometry was used to deriveé®® tracked IRHs on profile 051202 and on profile 051203 (cross

profile for each core. Sample size was 25-30 mm for thi©file, see Figure 1b). Dating was done by annual layer
counting, where thé'®0O peaks indicate summer maxima

Firn Cores
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[e.g.McMorrow et al, 2004]. Using this scale, the respec-
tive IRHs were dated by comparing their depth values atthe 15516 2. Accumulation values obtained from GPR
coring location with the age given by the depth-age scale
Accumulation rates along GPR profiles are calculated by di-Profile Time period Mean actStd? Min.¢ Max.*
viding their cumulative mass difference by their age differ

ence. Furthermore the density profiles of the firn cores werd©1202 ~ 1980-1990 209 7 171 226
used to calculate annual accumulation rates from the snoWw51202 ~ 1990-2005 176 5 145 185
mass of the yearly layers. Hence, annually resolved accu051202 ~ 1980-2005 191 5 159 199
mulation rates were obtained from the depth-age scales 051203 ~ 1980-1990 192 11 135 232
the four dated firn cores. 051203 1990-2005 170 12 139 234

051203 1980-2005 170 9 149 220

In addition to the accumulation rates from the firn cores,
we focus in the following discussion on the accumulation
distribution obtained from two IRHs on profile 051202 (Fig- “in kg m?a!
ure 2, the solid lines); due to ambiguities in tracing the-sev "one-fold standard deviation in % of the mean
eral IRHs throughout the GPR profiles and dating uncertain-
ties other IRHSs are left out. For comparison we also present
accumulation data from the cross profile 051203 (see Figyer 5 m.

ure 1b). The two pr.ofiles in_tersect at. t_he drilling location The accumulation pattern seems quite homogeneous in
of FBO501. The estimated time of origin of the two IRHSig area as can be seen from Figure 4d. The spatial vari-

represented by the solid lines in Figure 2 is 1880year .y of the accumulation values can be expressed by the
and 199@1 year, respectively. The isochronous property 0Eme-fold standard deviation, which amounts to 5-7 % of the

the IRHs on profile 051202 was tested by comparing the ag€q e ctive mean value for profile 051202 (Table 2). Along

of the tWO,IRHS f"‘t the positions of FBOS01, _FB_OS,OZ’ an(iihis profile spatial differences in per cent of the respectiv
FB0503, giving differences of up tal year, whichis inthe o 1 yajye for the time periods 1980-1990 and 1990-2005
range of the dating uncertainties. We thus regard the IRI—\|,%lry from -18 % to +8 % (Figure 4d). The cross profile
as isochrones. 051203 reveals accumulation values that are of the same
Calculation of errors follows the discussion Afscliitz range compared with those on profile 051202, but with a
et al. [accepted to Ann. Glaciol., 2006]. Deviation of thesjightly higher spatial variability, as expressed by a dtad
density profiles from the different firn cores are up to 7 %geviation of some 10 % (Table 2). Here, the spatial differ-
including measurement errors from GAP (up to 10 kg’m ences for the time periods 1980-1990 and 1990—-2005 show
[Wilhelms 2005]). This value represents the errors introyajues between -30 to +38 % of the respective mean (Fig-
duced by local density fluctuations with respect to the meajye 5d).
density profile used for the calculation of cumulative mass— The accumulation pattern on the ice-flow line at Kottas-

depth. Errors from DEP measurements are up 1o M- [ 046 is quite smooth (Figure 4b), except for the undulation
helms 1996] and conversion from TWT to depth yields like-p e 0en ahout 17-22 km. These features can be explained
wise errors of 1 %£isen et al. 2002]. Conversion of the ., 1o 5 rface-elevation profile (Figure 4a) which shows a
tracked IRHs to cumulative mass results in errors-Af%  gteaper increase along this section of the profile. Since the
[Anscmtz et al, accepted to Ann. Glaciol., 2006]. The dat-gig. 550 IRHs are very shallow (Figure 2) in relation to the
ing uncertainty for the IRHs used heredsl year and the oo thickness we propose that the undulations in accumula-
uncertainty in tracking the IRHs is up 62 ns, equivalent i, gpserved here arise mainly from the surface undulation
to apoutiO.Z m dgpth uncertainty. The Igtter introduces an 4 the interaction of surface topography and wind influence
additional uncertainty of anotherl year with respect to the [King et al, 2004]. Moreover, the bedrock topography is t00

depth—age scale of FBOS01. Using the values given abovgy 1k 1 generate the small-scale accumulation disivibut
measurement and model errors result in a mean error of 1855erved in this studySteinhage et al2001].

15 % for the accumulation data presented here, similar to
those reported bpnscliitz et al.Jaccepted to Ann. Glaciol.,
2006] for a different area.

Suggesting wind influence as the main reason for the ac-
cumulation pattern implies that accumulation maxima stioul
be located within local surface-elevation troughs and en th
windward sides of surface undulations, whereas accumula-
tion minima are to be expected on hills and on the leeward
sides [among otherBlack and Budd 1964; Pettré et al,
1986; Frezzotti et al. 2005; Vaughan et al. 2004; Eisen
GPR-based accumulation rates are given in Table 2 for tle¢ al, 2005]. Interestingly, accumulation pattern and sur-
profiles 051202 and 051203. A mean glacier-flow velocityace topography show more such coincidence for profile
of 50 m a! was taken into account for the calculation 0f051203, going from South to North (Figure 5), than for pro-
the GPR-derived accumulation rates on the profile 05120flle 051202, going from West to East (Figure 4). Yet local-
The accumulation rates presented here are spatially aetragcale wind field is unknown, and the nearby Kottasberge

Results and Discussion

Accumulation Ratesand Variability
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Figure 4. a) Surface elevation (WGS84) of profile 051202_. . i
at Kottasberge, going from West to East, b) accumuli':-'gure 5. a) Surface elevation (WGS84) on profile 051203

. ; : at Kottasberge, going from South to North and crossing pro-
tion: 1980-1990 (dashed line), 1980-2005 (dotted linedl, arg 59505 perpendicularly, b) accumulation: 1980-1990

19902005 (solid line), c) surface slope, d) spatial differ oo 4 jine) 1980-2005 (dotted line), and 1990-200%(sol
ences in per cent of the respective mean for the time peti-

ods 1990-2005 (solid line) and 19801990 (dashed line), <) ©) surface slope, d) spatial differences in per cént o

: e respective mean for the time periods 1990-2005 (solid
temporal differences between 1980-1990 and 1990-20Q5, d 1980-1990 (dashed li | diff
calculated from equation (1). The locations of firn core Ine) an B (dashed line), €) temporal differences
FBO501 FBO502. and FBOéOS are given in a) I:|3050§etween 1980-1990 and 1990-2005, calculated from equa-
marks the intersection with profile 051203 (Figure 5). lon (1). The location of fir core FBOS01 is given in ).
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Table 3. Accumulation values obtained from firn cores

Firncore  Time period Mean a¢gtd? Min.® Max.®

FB0501 1976-2003 221 28 108 328 2000
FB0502 1970-1999 227 32 98 370 2000}
FB0503 1970-2002 199 28 96 359 ~ 11980
FB0504 1984-1999 195 33 112 305 1995} s 1
| 11960
sinkgm-2a-! 1990, ; P
bone-fold standard deviation in % of the mean . | ( 11940
Saossr = -Z )
}' 11920
are capable to modify the regional wind directioan den 1980 :>A
Broeke and van Lipzif2004] report predominantly easterly o 1
winds in this area of Antarctica, but the horizontal resol 1975y ] < [
tion of their model is about 55 km, which does not caj <
ture small-scale effects. Dominance of easterly windsesyr 19701’60 500300 71760 2(50\'360 ik 166 : 200 1880
only partly with the distribution of accumulation and swda Acc. (kg m2a™
features along profile 051202. Yet assuming katabatic wi 2000 ‘ ‘
flow down from the nearby plateau region south of Kotta- d | o "f
berge, the accumulation pattern of profile 051203 becom: | | |
explicable by wind influence. Another reason for the de ‘ | : ‘ |
viation from the general pattern on profile 051202 probz 99} Do | R
bly arises from consideration of glacier-flow velocity: we : : :
used a mean surface-flow speed of 50 ™ d@o correctour : | \
GPR layer depths and derive accumulation rates on profi § 1990 R | - .
051202. However, this value is only determined by GPS ot ! ! !
servations of one reference point on the ice-flow line durin ! ‘ ! ‘ ‘ !
the expedition and might vary locally. We therefore suppos  1985¢ . ! !
that interaction of local wind pattern, glacier flow, and-sur ! ! !
face topography significantly influences the local-scale a ! ! !
cumulation pattern. 1980} : ! B
Mean accumulation values of the four firn cores as well & 150 200 250 150 200 250 150 200 250
minima and maxima are given in Table 3. Note that the fir Acc. (kgmZa™)

cores do not reach up to the year 2005 (the age of the surface

at the time of data collection) due to minor core quality ie th

upper 1-2 m. Therefore a mean accumulation rate was useigure 6. Year-to-year accumulation of the firn cores

to estimate the age of the first datable layer, obtained frofrom this study (a,b) and of FB980DErter et al, 1999].

two nearby snow pits. The interannual variability derived) Solid black curve/black triangles: FB0501, solid grey

from the dated firn cores (Figure 6a,b) is one order of magnéurve/grey triangles: FB0502, solid black line: mean of

tude higher than the spatial variability along the conmerti FB0O501, dashed grey line: mean of FB0502 b) Solid black

GPR profile (Table 3), emphasizing that accumulation ratesirve/black triangles: FB0503, solid grey curve/greyrtria

exhibit large fluctuations on annual scales. gles: FB0504, solid black line: mean of FB0503, dashed
In order to derive information about temporal variabilitydrey line: mean of FB0504. c) FB9802: annual accumula-

on scales relevant to the duration of current satellite migion rates (dotted curve), 5-year running mean (dark grey),

sions, we apply a 5-year mean and a 10-year mean on th@-year running mean (black). d)-f) 5-year (solid linesj an

accumulation series obtained from the firn cores. Note thaP-year means (dashed lines) of d) FB0501, e) FB0502, )

the time scales are too short to Sufﬁcienﬂy appbuaning FB0503. Note that FB0O504 has been left out of Calculating

mean of 5 or 10 years to our firn-core derived accumulatiofieans over several years due to its short time scale in com-

series. When considering 5-year or 10-year means (Figuparison to the three other cores.

6d-f), a fairly stable accumulation pattern is revealedggx

for FB0O503, which shows a slight decrease over the last two

decades.
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Comparison with Other Studies Near by 800
Oerter et al.[1999] report accumulation values at Kottz ;‘“

Camp of 129 kg m? a~! with a one-fold standard devi £

ation of 29 % obtained from a firn core (FB9802) drille <=

in December 1997, covering the time period 1881-19 §

We apply a 5-year running mean on the accumulation
ries of FB9802, in order to gather information about te
poral variations averaged over the projected mission dt
tion of GRACE. Moreover, to account for the time scal
covered by our radar data, we also apply a 25-year runr
mean to enable a better comparison of temporal variati
between radar and firn-core data. The 5-year running m
and 25-year running mean of FB9802 show standard de 299, 5 15 - o 5 10 15
tions of 14 % and 6 % of the core mean, respectively. Her Distance from Kottas Camp (km)
firn core FB9802 reveals likewise a rather smooth accumu-

lation pattern on longer time scales and a high annual vafigure 7. a) Acculumation values from stake-line readings
ability (Figure 6c). Together with our firn cores (discussed the vicinity of Kottas Camp: black solid line: 1998, black
above) this indicates that the temporal accumulation pattedashed line: 1999, grey solid line: 2000, grey dashed line:
on scales of 5-25 years is fairly stable, most probably b&001. b) Temporal differences calculated as in equatian (1)
cause post-deposition noise and interannual fluctuaticns &!ack solid line: 1998-1999, grey solid line: 1999-2000,
averaged out. Moreover, we compare the standard devgaCk dashed line: 2000-2001. Negative values on the ab-
tion for the 25-year running mean of FB9802 with the spatiaicissa correspond to stakes located north of Kottas Camp,
variability of our GPR derived accumulation rates, and findPositive values are stakes to the south.

that temporal variability on the scale of some decades and

spatial variability on the scale of some 20 km are very simi-

lar (6 % and 5 %, respectively). Contrarily, studies from thgblhty. The transect up to Kottas Camp and the spatial vari-

polar plateau show that spatial variability on the kilomete ability of the accumulation data, complemented by GPR pro-

) . . filing, is further discussed bRichardson-Mslund[2004]
scale is one order of magnitude higher than temporal vari-.. = . . . i
- . . with similar results. The stake-line data confirm the obaerv
ability on multidecadal scales thererg¢zzotti et al. 2005]. . . . . el
tion that in the immediate vicinity of Kottas Camp accumula-

Considering the area-wide mean values (Table 2), oyhn, values are slightly lower which is in accordance with ou
study reveals somewhat higher accumulation rates thar thcfﬁwings as discussed above. MoreoRatschky et a[sub-
reported byOerter et al.[1999]. The same holds for com- ited to J. Glaciol., 2006] obtain an accumulation map of
parison of FB9802 with our firn-core data (Table 3). In oryestern DML by interpolation of all available fim-core data
der to take into account the different time periods covesed breporting values of about 180 kgtha~! for our investiga-
FB9802 and our firn cores, we calculate the mean acCumiisn area. Hence, our study provides values in the range of
lation of FB9802 from 1970-1997, i.e., the time period thaformer observations, but contributes small-scale valitgbi

overlaps with our firn cores, and derive 126 kgta'.  of accumulation rates on spatial and temporal scales to the
Hence, the time periods covered do not seem to be respQyia published so far.

sible for the different accumulation rates of FB9802 and our
study. Yet the spatial rgpresentativity of firn cores .is geNtemporal Variation of Spatial Characteristics
erally rather small [e.gRichardson-Mslund 2004;Spikes _ ] ] )
et al, 2004;Rotschky et a.2004] and FB9802 is separated Accumulation series from firn cores, as those discussed
by some 7—18 km from our respective firn-core locations an@ove, yield only information about temporal behaviour at
by about 3 km from the start of profile 051203. When comthe drilling location. Dated IRHs enable the determination
paring only accumulation rates from our investigation are@f temporal variation of spatial characteristics along GPR
that are in the immediate proximity of Kottas Camp, i.e., th@rofiles. Considering the temporal differenc¢g)(of GPR-
start of profile 051203 (Figure 1b), we derive accumulatioRased accumulation rates on profile 051202 between the time
rates around 150 kg ¥ a—! (Figure 5b), which are more in intervals 1990-2005 and 1980-1990 results in a mean value
accordance with the value of 129 kg'fa! reported by ©f -16 % as calculated from
Oerter et al.[1999]. ; .

Rotschky et a[2006] present accumulation data obtained td = M -100% (1)
from stake readings along the transect from Neumayer sta- a(t2)
tion (7¢° 39’ S, 08 15’ W) to Kottas Camp and farther on to wherea denotes accumulation and thethe respective time
the mountain range of Kottasberge. Data obtained at stakgsriods, in this casg = 1990-2005 and, = 1980-1990.
within 20—30 km of our radar profiles range from 150—25(et, this value is not constant along the profile 051202. In
kg m—2 a~! (Figure 7a), however, with a high spatial vari-fact, consideringtd pointwise along 051202 reveals that

Temp.Diff. (%)

20 25 30
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temporal variations range from -1.3% up to -23% (Figur =~ %%, T
4d). Comparing spatial and temporal differences along tt § or

profile, the variations seem to be linked, i.e., the largestt g 092

poral differences tend to occur at the places with largést ri @ ~0.04; : : : : : : : :
ative spatial differences. Analysis &f on the cross-flow
profile 051203 results in similar findings: the temporal dif
ferences are likewise varying locally. Spatio-temporareh
acteristics of the stake-line data within 20-30 km arour
Kottas Camp (Figure 7) confirm this observation, as the
is, again, a quite similar behaviour of spatial and tempor
accumulation pattern visible, for instance between -15 a
-10 km and around 20 km. In total, it seems that the spat
characteristics of accumulation are not constant in the cc T5 0 s S0 s o s 10 1520
sidered region and time scales. This observation leads us Distance from central point (km)

the conclusion that it is important to consider the temporal, . . .
differences pointwise along profiles and not only from thé&19ure 8. a) Slope on the main glacier-flow line of Pots-

mean values. Small-scale features seem to affect the tem@i@m Clacier. b) Spatial variation of accumulation on Pots-
ral pattern as well as the spatial distribution. dam Glacier, expressed as differences to the respective mea

value, given in per cent of the mean: 1980-2004 (solid line)

Accumulation rates have been obtained likewise by com- . S
bined analysis of GPR and firn-core studies on Potsdg‘ljmd 1970-1980 (dashed line). c) Temporal variations be-

Glacier, a near-coastal site in central Dronning Maud Lan{év]tizr}r?ri gmjazizo(g? 1970-1980 and 1980-2004 as calcu-
in 2003/2004. The spatial variability is discussed in detal d '

by Anschiitz et al.[accepted to Ann. Glaciol., 2006], report-

ing standard deviations of some 50 % which is one ordghean accumulation rates lead to changing spatial accumula-
of magnitude higher than the standard deviations along thign patterns. The absolute value of the temporal diffegenc
GPR profiles at Kottasberge. On Potsdam Glacier, spatigétween the mean accumulation rates from 1980-1990 and
differences from the respective mean value vary from -8ffom 1990-2005 at Kottasberge is somewhat higher than on
to +128 % for the time period 1970-1980 and from -79 t®otsdam Glacier between 1970-1980 and 1980—-2004 (16 %
+130 % for the time period 1980-2004 (Figure 8b). Theompared to 3 %). However, as the two studies do not cover
temporal variations of a few per cent as reportedbgcliitz  exactly the same time period caution has to be used with this
et al. [accepted to Ann. Glaciol., 2006], are obtained frontomparison. The point-to-point variations of the temporal
the area-wide mean values of the time periods 1970-198@cumulation pattern at Kottasberge (Figures 4e and 5e) ex-
and 1980-2004, yet analysis of temporal variations aloeg thibit less pronounced differences compared to those on Pots
profile on the main glacier-flow line yields a varying patterrdam Glacier (Figure 8c).

(Figure 8c) as at Kottasberge. The mean temporal difference |, orger to analyze a possible correlation between spatial

of accumulation rates on Potsdam Glacigr for the observeghy temporal variations, we calculate the correlationfeoef
time periodst; and¢, amounts to -3 % with values vary- qjents R for spatial differences in per cent of the respectiv
ing from -53 % up to as much as 145 %, as calculated fropyean and temporal differencasalong the GPR profiles at

Equation (1) witht; = 1980-2004 and; = 1970-1980. qttasherge and on Potsdam Glacier. We obtain values of
Again, the largest temporal variations occur near maxima @f o4 ¢, = 1990-2005) and 0.694 = 1980-1990) for pro-

spatial variability, indicating that temporal and spa#iatia-  fjje 051202 and correlation coefficients of 0.6¢ £ 1990—
tions are not independent on these scales. 2005) and 0.55¢ = 1980—1990) for profile 051203 at Kot-
Anscliitz et al.[2006] discuss the influence of the sur-tasberge. The profile on the glacier-flow line of Potsdam
face topography on the spatial accumulation pattern on Potg|acier reveals R = 0.48 far, = 1980-2004 and R = 0.28
dam Glacier and find dune-like features of high periodicityfor ¢, = 1970-1980. This indicates that spatial and tempo-
comparable to the megadunes observed on the polar plategHvariations are at least weakly correlated in our investi
[Frezzotti et al. 2002]. Upstream migration of these dunegyation areas. However, inaccuracies of glacier-flow veloc-
at a rate of some 50 ma [Anscliitz et al, 2006] as well ity as well as dating uncertainties prevent a more detailed
as locally varying glacier-flow speed might also influencenvestigation. We thus suggest that influences of surface-
the temporal accumulation variations observed on Potsdagpography, wind field, and glacier flow are responsible for
Glacier. the relation between spatial and temporal accumulation pat
Comparing the spatial and the temporal variations otern. Near-surface winds tend to be complicated in nunatak-
Potsdam Glacier (Figure 8b,c) and at Kottasberge (Figutgs dominated areasipnsson1995] as would be seen on Pots-
and 5d,e) with the respective surface slopes (Figures 8a¢iadam Glacier. Since mostly rather the spatial variabiliyiss
we suggest that in areas of strong interaction between sgussed when considering accumulation rates obtained from
face elevation, slope, and accumulation, temporally vayyi GPR [e.gRichardson-Mslund 2004;Rotschky et al2004;

Temp. Diff. (%)
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Spikes et a).2004] further research is necessary to reveal thegnificant flow speed, since ice cores drilled there contain

correlations between spatial and temporal variability. upstream effects. Thus, our study provides valuable insigh
in local-scale characteristics of temporal and spatialiacc
Conclusions mulation pattern, serving as ground-truthing for saeetiiata

and as a base for interpretation of ice-core records fros thi
Small-scale spatial variations of the recent accumulaticemd comparable areas.
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Chapter 8

Summary and outlook

GPR profiling and shallow firn cores have been utilized to mieitge the recent accumulation
rate in two investigation areas of Dronning Maud Land, Eastafctica. The method pro-
vides useful new insights in small-scale characteristieeoumulation features in the grounded
coastal parts of DML which contribute significantly to Artca’s mass balance but are not
well captured by models so far.

The first investigation area, Potsdam Glacier in central DMIcharacterized by a very high
spatial variability of accumulation rates with a one-faldredard deviation of some 50 % around
mean values of 140 kg nf a~L. Distribution of accumulation maxima and minima on an along
flow GPR profile likely results from windborne redistributi@f blowing snow. Moreover,
accumulation shows regular undulations that are relatetidse in surface slope. Analysis
of these features by means of auto- and cross-covariancéduos reveals a high periodicity,
leading to the conclusion that the observed undulationsiandar to the megadunes known
from the polar plateauHrezzotti et al, 2002a], despite the lack of the lateral extent and the
extreme morphology of the latteffezzotti et al. 2002b] in this case. The presence of dunes at
this coastal site not only provides a likely explanationtfoe undulations of the accumulation
pattern, but it also complicates the picture of accumuteigatures with respect to the validation
of satellite data. Spatial variations like those observe@®otsdam Glacier are likely sensed by
GRACE, thus influencing the satellite-derived estimatecefinass changes.

Mean accumulation values in this area are less than thoseeddrom large-scale compi-
lations or regional atmospheric models, underlining tlageshent that those compilations tend
to overestimate surface-mass balance in coastal regiansde Berg et al.2006]. The pres-
ence of a blue-ice area nearby the study area influencesdbmatation pattern. This blue-ice
area is not accounted for in the large-scale compilativaaghan et al.1999;Giovinetto and
Zwally, 2000], emphasizing the impacts of this study for accura@medge of local and re-
gional accumulation pattern in this part of Antarctica. pamal variations of accumulation
rates on Potsdam Glacier are only a few per cent on decadaks@#en derived from mean



accumulation values obtained from dated GPR horizons.ntetannual variability is high, as
concluded from two dated firn cores.

The second study area, Kottasberge in western DML, exhititsh less spatial variability
of accumulation rates with one-fold standard deviationS-e£0 % and mean values of some
190 kg nT2 a~L. The accumulation pattern is likewise explicable by wirftlience and surface
topography, although it implies a deviation from the prewalwind direction for this area de-
rived from modelsyan den Broeke and van Lipzig004]. Temporal variations obtained from
area-wide mean values are larger than on Potsdam Glacietwise determination of tempo-
ral differences on decadal scales along the GPR profilesletieat temporal variations are not
constant but vary from point to point. The same holds for thiefwise temporal variations ob-
tained from GPR horizons on Potsdam Glacier. Comparisoampbral and spatial variations
in both study areas shows a weak correlation, indicatingtdraporal variability on decadal
scales and spatial variability on the scale of some hundoéaseters to tens of kilometers
might be linked. This is likely attributed to complex intet@ns between locally varying wind
pattern and precipitation regime with surface topograptd/glacier-flow. Yet wind pattern and
glacier-flow velocity are too poorly resolved to derive maoeurate conclusions here, and the
dating uncertainty prevents a more detailed analysisiigahe results presented in this study
as a base for future work. Nevertheless, the possibilitynkield temporal and spatial variabil-
ity should be taken into account for the validation of s@telilata. As discussed Byelicogna
and Wahr[2002] andWahr et al.[2000], for the determination of ice-mass changes from com-
bined GRACE and GLAS data a temporally constant accumuatite is assumed. Therefore
considerable spatial variability of temporal differenessrevealed by this study might likely
lead to biases in the derived ice-mass changes. Thus, thiésrpeesented here serve as valu-
able ground-truthing for satellite-based approaches terohéne Antarctica’s mass balance in
coastal areas.

Future work should aim to further increase the amount of ggdelbased accumulation data,
especially in regions adjacent to Potsdam Glacier, whelgsparse data have been available
prior to this study. The presence of dune-like features dsden Glacier should be analyzed
and evaluated in more detail, aiming for determination efrthateral extent and possible mi-
gration. Extending the along-flow GPR profiles farther dolanggr would likewise be very
interesting, since the shape of the internal layers indgcatnearby ablation zone which was not
reached within the radar profiles of this study. The shapayark in adjacent downglacier pro-
files will give further information about accumulation anolation features and possibly also
insight in interaction between ice-advection and accutiariéablation pattern. In this context,
glacier-flow velocity should be determined more accuradelg taken into account for determi-
nation of pointwise temporal differences in accumulatiates. For the same reason the dating
uncertainty needs to be improved. A closely spaced grid dR @mfiles would be useful for



deriving a three dimensional distribution of IRHs and thaswmulation features. Together
with the airborne radio-echo sounding profile along the igtaitow line (D. Steinhage, per-
sonal communication, 2005) such a data set would yield éduaformation, including not

only accumulation distribution but also insight in ice achven.

In the investigation area of Kottasberge glacier-flow viéjoshould be determined from
satellite-based analyses like interferometric SAR tegh@j since the value used in this study
relies only on GPS measurements of longitude and latitudereference point at the begin-
ning and the end of the expedition (see Paper Ill). Genethiéyvertical resolution even of the
500 MHz antenna in noisy environment is too low to resolveugindRHs within the depth sec-
tion covered by the firn cores, especially when depth andisgad layers are strongly varying
as on Potsdam Glacier. Therefore, either an antenna witghehtcenter frequency should be
used (preferably 1 GHz) or deeper firn cores should be drileteast down to 30—40 m, but
preferably about 100 m. Since a higher antenna frequencytsaa a shallower penetration
depth and requires a smaller trace increment in order tarobtatinuous reflections, the sec-
ond option, i.e., deeper firn cores, would be favorable. Thuse IRHs can be tracked and
possibly dated, improving the analysis of spatial and tenapeariability. In order to avoid
ambiguities, only IRHs that are spaced more than the wagtienf the radar signal in firn or
ice should be considered for accumulation calculations tii@validation of satellite data it is
important to cover large areas on the surface of the Antaicgisheet.

In summary, this study contributes accumulation data of mégolution in orographically
complicated coastal regions of DML and provides valuabsdggint in the temporal and spatial
pattern of recent accumulation rates, serving as validaiface-mass changes obtained from
satellite data.
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