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ABSTRACT

Understanding Antarctic Peninsula glacier evolution requdissibuted ice thickness and subglacial
topographyTo date, 80 %f the Antarctic Peninsula mainland ice volume has oninlaketerminect
low-resolution (1km post spacing) and the distributed ice thickrefsglacierson surrounding islands
has never been quantifieth this studywe applied a perfect plasticity model, selected foriigscity,
low data requirements and minimal parameterizatitun,estimate glacier thickness, subglacial
topography and ice volume for the entire Antarctic Pengnsegdjion.We compared the outpuif this
simple modeto thatof a more sophisticated but spatially-restricted modebédsato the spatially-coarse
but more extensive Bedmap?2 dataséte 3imple model produced mean differenoé4.4 m (std. dev.
243 m) in comparison with the more sophisticated approach fomthentainous partsf the Peninsula.

It produced similar volumes for tidewater glaciers but gavealistic ice thickness around grounding
lines. kethickness across low gradient plateau surfaces areemiesented by a perfect plasticity model
and thus for the southern parftthe Peninsula only regional ice volurmanbe approximated by our
model. Overall, with consideratioof ice situated below sea level, model results suggesfTtivaty
Peninsula, Graham Land, the paffPalmer Land nortbf 74°S and all glaciersnislands contaianice
massf ~200,300 Gt, with sea level equivaleit53mm(+ 11.6 mm) Of this total 8 %s from glaciers

onislands, 70 %f whichis from Alexander Island.

KEYWORDS  glacier; Antarctica, sea level
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INTRODUCTION

The Antarctic Peninsula has been ohéhe most rapidly warming areas Earth (Morris and

Vaughan, 2003; Turneat al., 2009, 2013). The effead$ this warming, together with oceanic forcings,
have been recognisa@athe dramatic collapsaf multiple ice shelves (Scambesal., 2003; Skvarca
and DeAngelis, 2003; Paoéi al., 2015; Cook and Vaughan, 20H0) in widespread glacier thinning
(Pritchardet al., 2009; Kunztal., 2012), acceleratn (Pritchard and Vaughan, 2007) and recession
(Cooketal., 2005, 2014, Glassetal., 2011, Ivinsetal., 2011). These glacier changes are a major
reason why the Antarctic Peninsula reg®noonsideredo be vulnerableto climate change (Barraret
al., 2013; Daviest al., 20140’Cofaigh et al., 2014; Pfeffeet al., 2014). Warming across the
Antarctic Peninsulén the 2% century has not been significant (Tureeal., 2016).

The Antarctic Peninsula ice sheet and glacersurrounding islands have been estimabegresently
contribute between 4 % and 160¥the observed global sea level rise (SLR) (c.f. Hetad., 2009;
Shephercet al., 2012; Gardnest al., 2013. A small amounbf this SLR contributions from calving

of tidewater glaciers and tabular icebergs, but also foershelf basal melt (e.g. Rigneital., 2013;
Depoorteret al., 2013) dueo the density difference between water and ice. Snow anchédton the
Antarctic Peninsula surface mostly refreezes withirsttmvpack (van Wessermt al., 2016) anan

ice shelvescontributedo numerous and extensive surface ponds (Kingstake, 2017). Nonetheless,
the importancef surface and basal medt ice mass loss (Hoakt al., 2009; Radic and Hock, 2011;
Pritchardet al., 2012)is likely to persist and possibly increaisethe next decadde centuries
(Golledgeet al., 2015)lt is therefore importartb estimate glacier ice thickness and bed topography
across the entire Antarctic Peninsula region, fopggeline data useful for monitorindthese ice-
mass changes, (i) understanding potential local meltveatgributions via glacier hypsometry and
likely equilibrium line altitude (ELA) rises, (iii) revealing Isglacial topography that will become
exposedasglaciers diminish(iv) comparing ice mass loss observed from gravimetricsatellite data
(e.g., lvinsetal. 2011), (v) ice flux calculatioraet grounding lines, and thus investigagtidewater
glacier stabilityeg. dueto retrograde bed slopes (Schoof, 2007) and sensitovibgean forcing.
Furthermore, because the Antarctic Peninsula comprisesaséifferent morpho-climatic sub-regions
(Barrandet al., 2013a; Cooktal., 2014), potential sea level contributions shd@éstimated per

glacier.
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Ice thickness across the entire Antarctic Peninsul@megpoorly known and different methods are
currently usedo estimate ice thickness. Ice flow model-based approdehesthe advantagdg
accounting for mass conservation (e.g. Morlighegral., 2011) butanbe relatively computationally
expensiveo run over large domaini anapproach thas not technically mass conserving doghe
useof a correction procedure, Huss and Farinotti (2014) asézk flow model driven by estimated
mass balance parametérsalculate that the sea level equivalehthe Antarctic Peninsula nordf
70°Sis 69 + 5 mm. However, they did not include afythe mainland glaciers between 70°S and
74°S, which account for ~ 60 &6 the Antarctic Peninsula region glacierised area. Higy did not
closely analyse the distributed ice thickness, which pesyedat 100 m resolution, and volunoa the
surrounding islands even though these are amongst theapaly changing glaciers within the whole
Antarctic Peninsula region (Daviesal., 2012). They corrected their motieice thickness measured
at points along transects flown by Operation Ice-Bridge (2@ir@prne radar, but these flight lines are
widely spaced and often with only one longitudinal pasgfzarier. Hubeet al. (2017) have
completed a glacier inventoof the Antarctic Peninsula, including ice thickness and velper

glacier which they derived from Huss andtikotti’s (2014) data, but again only for paftthe
peninsula nortlef 70°S, i.e. Graham Land.

The only complete covera@é ice thickness across the entire Antarctic Peninsulaatof the

Bedmap?2 dataset (Fretwellal., 2013), which was compiled from multiple data sourcds an
interpolatedo provide a seamless though relatively coarse resolutiddegiproducbf 1 km.
Observational ice thickness estimation methods as&edmap2 have the advantage that they are
tunedto best-fit icethickness and bed data, but they are highly reliant upernpolation where data are
sparse. Indeedhe 1 km gridof Bedmap2 does not represent the typically mountainougastial

terrainof the Antarctic Peninsula very well (cf. Huss and Fdtina014).

Thereforein this studywe implementanalternative approadio ice thickness estimation whid
independentf bed data and whidls computationally simple and fast. Specificallye use a perfect
plasticity modeto calculate subglacial bed topography and distributechickrtess for all individual
glaciersin the Antarctic Peninsula region between 60°S and 74°S, ingladl of the mainland ice
sheet and all glaciemn surrounding islanddVe report our model results relatit@these other

(model-based and observational) methimdsompare the results.
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STUDY AREA

The Antarctic Peninsula stretches from the northerwotige Trinity Peninsula, including the South
Shetland and South Orkney islanttsglacier drainage basims Palmer Land nortbf 74°S. The entire
Antarctic Peninsul#s ~1500km long and varieg width from ~25km wide across the Trinity
Peninsulao 230 km wide across the southern pdrGraham Land antb ~ 430 km wide across
Palmer Land near the southern grAlexander IslandKig. 1). Between 63°S and 67°S, the Peninsula
is characterised by a plateau with ice surface elevatipto 2000 m.asl. Further south 74°S, the
plateau riseso >2500 m.asl. This topography means that the Antarctic Réaissubjectedo
subpolar climates the north and far colder conditioimsthe southlt is also subjecto strongly
contrasting oceanographic and meteorological condiaonsss the east-west gradient (Domeichl.,
2006), with large amountsf snow reaching the western Peninsaga resultof the prevailing
Westerlies. The glacierm the western Peninsula therefore experience high adatioruand have low
equilibrium line altitudes (Domadaét al., 2006; Daviest al., 2012), whereas glacieva the colder,
drier eastern sidef the Peninsula have higher equilibrium line altitudes.

The Antarctic Peninsulis surrounded by many islands, including James Ross Islahé northeast,
the South Shetland Islandsthe northwest, and Alexander Islaindhe southwestHg. 1). Significant
ice shelves include Lars& with anareaof 50,837 km in 2008, Larsen D (22,602 Kjmn GeorgeVI
(24,045 ki) and Wilkins (11,144 k& (Cook and Vaughan, 2010), although there are numerous
smaller ice shelves and floating ice tongues surroundivgiof the coastlineKig. 1). Between 63S
and 70°S, over 96 %f the mainlands ice covered (Cookt al., 2014) and between 70°S and 74°S

virtually all of the landis ice covered.

Summer air temperatures the Antarctic Peninsula frequently reach > 0°C, meaniagwidespread
summer surface snowmelt occurs (Barraetdal., 2013b). The Antarctic Peninsula has warmed
significantly since the early 1950s with (i) warming trerws the western and northern parts;
Faraday/Vernadsky station (65.4W@)the western Peninsula warmetd-0.54°C per decade from 1951
to 2011 with fewer extreme cold wintgrand Orcadas (South Orkney Islands) has warahe®.21°C
per decade since 1904 (Turnerral., 2013); and (i) the greatest increasepositive degree days
experiencedn the north-eastt Esperanza anat Marambio (see Barraret al., 2013). There has been a
climate warming hiatus the peninsula region since the early 2000s (Tuehat. 2016; Olivaet al.
2017).
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The atmospheric warming has predominantly been attritatadbcal strengtheningf the circumpolar
westerly winds, driven by changiesthe summer Southern Hemisphere Annular Mode (Martiasal,
2008; Turneret al., 2013).It has also produceah increased number of, and intensified, foehn winds,
which are strongly associated with surface melting actiessAntarctic Peninda ice sheet and ice
shelves (van den Broeke, 2005; Capal., 2015). Consequently ice surface melting has increased
the Antarctic Peninsula since the 1950s with both longdir seasons and more positive degree days
(Barrandet al., 2013b). Long-term air temperature series are syagytelated between stations
either sideof the Antarctic Peninsula indicating that these trendsparvasive across Graham Land.
Rising air temperatures have been implicairedce-shelf collapse (Turneet al., 2013; Cook and
Vaughan, 2010) and widespread glacier acceleration (Pritcdratdvaughan, 2007) and recession
(Daviesetal., 2012). Additionally, retreaif tidewater glacier termini and glacier thinniogthe western
side of the Antarctic Peninsulas strongly impacted by ocean warming (Martinseinal., 2008;
Schmidtkoet al. 2014; Wouterst al. 2015; Coolet al., 2016).

DATASETSAND METHODOLOGY
This study applied the VOLTA model whigha perfect-plasticity approat¢b modelling ice thickness,

bed elevation and glacier volume and whihvailable for download via James and Carrivick (2016).

This modelis attractive for applicatioto multiple mountain glaciers over large spatial scalsausét
is minimalistin its data requirementg;requires only glacier outlines aadice surface DEM for
input, and becauseis computationally efficient. The VOLTA moda implementechsan ArcGIS

(version 10.2 and more recent) tool for easase and all major parameteanbe manually edited.

Whilst this typeof modelperforms well for deriving approximations ice thicknesat land-terminating
mountain glaciers (James and Carrivick, 2016; Carriechl., 201§, and has been applidd the
mountain glaciers, ice caps and the major ice fiefdzatagonia and southern South America (Carrivick
et al., 2016),t has not gt been assessed for deriving ice thicknesses acrossate&teglaciers, nor for
glaciers flowing intaanice shelf. Thigs because of the inappropriatenesshis typeof model for both
calving tidewater glaciers and ice shelf tributary glecighich are noin steady statdn particular they
have significant longitudinal stresses that are seasd (de)buttressing (e.g. Vieli and Nick, 2011), and
they often have rapidly-expanding flawfloating parts, for examplie feeding ice shelves. Across the
entiretyof the Antarctic Peninsula, 17 &6 the glaciers nortbf 70°S and 63 %of the glaciers soutbf
70°S are marine-terminatin@gs we have determined by identifying geospatial intersectiohsur
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outlines with the grounding lines mapped by Rigetal. (2011). However, Hubet al. (2017) reported
that 63 % are tidewater glaciers and they based thetlation on the Landsat Image Mosauf
Antarctica (LIMA) by Bindschadleet al. (2008) and the fact that many glacier termini elenat
correspondto sea levein the Cooket al. (2012) DEM. te shelf tributary glaciers drain 35% the
glaciated area (Hubet al. 2017).We therefore seeto understando what extent ice thickness across
the entire Antarctic Peninsula can reasonéblgstimated by using a simple perfect plasticity model and
so have herein made a comparisdrour ice thickness modelling results with results fraheoexisting

ice thickness models, includirag grounding lines, and specifically targeting the few landiteating

and tidewater glaciersnthe Antarctic Peninsula where field-measured ice thekidata are available.

Our glacier outlines combined those available for surrogndiands (Bliset al., 2013) with glacier
outlinesonthe Trinity Peninsula (Daviest al., 2012) and drainage basofsGraham Land (Cooét

al., 2014). The outlines and drainage basins identify nunatdkihas couldbe masked ouso that
glacier area coulbte calculated separately from drainage basin area. titieeswere clippedsoas
notto extend beyond the grounding line(s) identified for allakatic Peninsula tidewater glaciers by
Rignotetal. (2011) andoin this studywe do not consider any floating ickn total these data
comprised 1781 outlines. Major glacierised regions wereidis@ated spatially following British
Antarctic Survey (2005) name conventions for the mainlauadtiae surrounding islands were grouped

accordingto their geographic position relatite these mainland regionBi(y. 1, Table J.

In this study the ice surface DEM Cooket al. (2012) was used for regions nooth7(°S. To compute
ice-surface elevation south 70°Swe used CryoSat-2 interferometric mode altimeter measemesn
CryoSat-2 elevation data were taken from the Baselidest@bution and spanned the period 2011-
2014 inclusive. Using these datee generated a continuous DEM by (i) median-gridding the aldia
km resolution, if) removing noisyor topographically-complex cells where the median absolute
deviationof measurements exceeded B and then (iii) postingo a 100 m grid using bilinear
interpolation. Ice surface DEMs were projected into #eS&n coordinate system and clippedhe
spatial extenbf the glacier outlines for efficiency when running the niodé compared our
centreline point ice thickness valueghe ice thickness pointsf Operation Ice-Bridge (2016): data
from http://nsidc.org/icebridge/portal/, ame compared our gridded ice thickness with the gridded
datain the Bedmap2 dataset Fretwellet al. (2013), and with thatf Huss and Farinotti (2014). While

Bedmapds providedat a nominal Ikm resolution, the actual resolution for the peninsula reigio

much coarser. Huss and Faroristtiataseis at 100 m resolution.
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Glacier centrelines

Identificationof glacier ice surface flow trajectories requires falistributed velocity fields, which are
available for Antarcticena 300 m grid from Rignadt al. (2011). Using these flow trajectoriesa
guide, because they only provide ~70% coverage over the Ant@estinsula regiornwe manually
digitized glacier centrelines from the midaieeach glacier terminus up-glacier and approximately
midway between and parall@ the lateral marginsf any glacier ablation tongue, and thence towards
any prominent saddles colson cirque headwallsr onice divides. Where ice divides were
ambiguousve invertedthe DEM and then ran a hydrological routing functimArcGIS 10.4, whichs
normally usedo delineate valley floor flow paths bint this case identifiecridge lines’. The exact
positionof our centelines, especially southf 70°S is thus partly a functionf the qualityof the DEM.
We used the ridgeline analysis ordga guide andve performed a sensitivity teet the number and

positionof centelinesaswill be shown below.

As described by James and Carrivick (2016), a single centrelyenotbe suitableif a glacierns of
complex geometry du® multiple tributariesor cirques. Whilst the lackf a secondary tributary
centrelineis the main issue, the initial centrelirsealso laterally deflected where the perpendicular
traverses are elongatadthey continue into the secondary tributarg.overcome these issues, an
upstream area apprdawas usedo delineate separate tributaries. Iteratively working ddvenintitial
centreline, upstream aresacalculated. Total area steadily increased down-centrdlineg marked

(rate of) increase occurs when a new tributary entéd$.TA calculates areat aninterval equato 1

% of centreline length with a new tributary identifiédirea increases by > 30 % between successive
points. Furthermoreye stipulate for computational efficiency that any nellwutary must also hawen

areaof at least 20 %of the total for any glacier.

Calculating ice thickness at points along the centreline

Ice thickness lof mountain glaciers came estimated from a glacier surface slope by:

h= —2
"~ fpgtana
where 7, is basal shear stress, a shape facsrdquiredto account for valley sides supporting part of
the weightof the glacierp is ice density, gs the gravitational constant ands the surface slope angle

Sincethe VOLTA modelis published (James and Carrivick, 2096 simply cover the most salient
7



231 points here. These points firstly concern the basicatip@of the model, and secondly the questdn
232 howto recognize the uncertainty introduced by using thissomodelon Antarctic Peninsula glaciers.
233 The Peninsula includes tidewater glaciers and wide lahdtet type glaciers and thus these glaciers
234 canhave a completely different morphology (doalifferent processesd land-terminating mountain
235 (glaciers.

236

237 Basal shear stress, is variable between individual glaciers due mainly to lbaager pressure, ice
238 viscosity and subglacial sediment deformation. Fothakness estimations such as those within in

239 this study;mdoes not have to be varied longitudinally for an individuatig as a constant valuenca

240 reproduce accurate thickness estimates along the lengtbewitreling (Li et al., 2012). Previous

241 studies have used an empirical relationship between attéliextent and, that was developed by
242 |Haeberli and Hoelzle (199|5) but the relationship is weak (.44) anfl Linsbauer et al. (20[L2)

243 reckoned an uncertainty of up to + 45% using this method. fomerim this study we employ a

244  relationship established py Driedger and Kennard (1986a), usingradedope in an elevation band

245  approach:

246 T, = 2.7 - 104 Zn (2

i=1

0.106

247 where the elevation band area) @@in n? andw is in Pa. This method was testeg|Driedger and

248 |Kennard (1986haspartof a volume estimation study and they found a standaretien of errorof 5

249 % when comparing modelled with measured voluriéscalculated Aand coai over 200 m ice-

250 surface elevation bands produce glacier specific averagevalues thatvere consequently applietd
251 each centreline point.

252

253 We calculated hat points spaced 100 m aparti all centrelines where that spacing was selected partly
254  with respecto our 100 m postingp combine the ice surface DEMs and partly tluthe spatial

255 coverageof this study and a desite maintain computational efficiency. Whilst f has beesonporated
256 asa constant (usually 0.8 cf. Ngeal., 1965; e.g. Linsbauet al., 2012, we adopedthe practicef Li
257 etal. (2012) who developed a more physically realistic methalynamically adjust f dependiran
258 the local widthof a glacier.in detail,Li et al. (2012) estimated ice thickness perpendidoléine ice
259 surface butn this studywe are dealing with GIS-analysed glacier geomstrio consider vertical’ ice
260 thicknessh, i.e. that perpendiculdo a horizontal x-axisve re-write theLi et al. (2012) equation as:
261
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B
_ 0.9 w(pg pa— a)

=—F
09w (pg P a)

wherew is half the glacier widtlat the specified poindn a centreline.

We then implementednautomatic check for erroneous h valuethe vicinityof nunataks and
tributary confluences (cti etal. 2012) by: (i) checking the perpendiculamwidth’ line intersected
another centreline and (ii) cross checkiinthe resulting f valueEq. 1) is realistic(> 0.445, equato a
half widthto centreline thickness rataf 1: cf. Nye, 196% At points where eithesf these conditions
were met, h was calculated using Egqwith f setto thatof the averagef all pointsonthe same

tributary.

Ice thickness, h, will tentb infinity assurface slope tends zero, meaning h maye overestimatech

regionsof flatter ice surfacel( et al., 2012; Farinottet al., 2009. In this study @minimum slope

threshold’ ap Of 1.5° was usetb re-assign any lower slope valuesthat minimum valueWe note that

Farinottiet al. (2009) used 5° afid et al. (2012) used 4°, but since 49d¥the ice surface across the

Antarctic Peninsulé5 % of area outside Palmer Land; 95d¥earea within Palmer Land3 2° or less
this was too high for applicatido the glacierof the Antarctic Peninsula. Additionally, thiew slope’
partsof ice surfaces are situated either within the trwofkhie major outlet glaciers outsidé Palmer
Land, or across the southern Antarctic Peninsula plateBalmer Land. Approx. 47 %f the ice

surfacein this studyis < 1.5.

I nterpolating distributed ice thickness and bed topography

Distributed ice thickness was interpolated from thdredine points acrossachglacier using the
ANUDEM 5.3 interpolation routine (Hutchinsatal., 1989). ANUDEM generates preferably concave
shaped landfors) thus mimicking the typical parabolic shapigidealised) glacier beds (Linsbauedr

al., 2012)lIt is commonly appliedo estimating bed topograple§ both mountain valley glaciers
(Farinottiet al., 2009; Linsbauest al., 2012Li etal., 2012; Fiscér and Kuhn, 2013}o ice caps and

ice fields (Carrivicket al., 2016) ando ice sheets, sudmswithin the Antarctica Bedmap2 dataset
(Fretwellet al., 2013). Interpolationsf ice thickness through ice divides was achieved simply by
‘dissolving’ (i.e. removing) those partd glacier outlines that welia contact with each othelf.

glaciers were exceptionally wide, suakin the southern padf the Peninsulaye digitized multiple
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sub-parallel cemélines within a single glacier outline and this sert@dccommodate applying the
VOLTA modelto large low-gradient lobate and coalescing outlet gladieat are typicadf the
southern pardf the Antarctic Peninsuld(g. 2.

Once thickness h farachgrid cellin each glacier had been interpolated, total volume V was

V= Z(CZh)

where cis the grid cell size.

calculated:

Uncertainty estimates

James and Carrivick (2016) compared modelled glaciemeta that derived from field
measurementsf (individual) (land-terminating) valley glaciers aroumhe tvorld, and found worst-case
26.5 % underestimates and 16.6 % overestimates. Mediaatidasdf modelledto measured ice
thicknesson a cell bycdl basis were ~ 10% (James and Carrivick, 2016 their Fig. 9 amdrdible 2).
For comparison, uncertainties for volume-scaling appresmcinge from 30 % for large sampie<0

% when considering smallér 200) samples Farinotti airtuss, 2013; Bahetal., 2014ab). In this
study, model error comes from individual model parameters the perfect plasticity assumption and
uncertainty comes from the spatial interpolation frentreline thicknesses glacier-wide thickness.
James and Carrivick (2016) compared centreline modellathicdeness with ice thickness from field
radar measuremends alpine glaciers around the world and found differerc&& %. They also found
that the modelled volumef large glaciers asleast sensitivéo model paramets basal shear stress,
slope averaging distance, minimum slope threshold dadtiefe width slope thresholé) comparison

to the sensitivityof small glacierdo these parameters Across the entire Antarctic Peninsifdand

and surrounding islands 82 éball glaciers are > 2 kfi{and 63 % are > 5 kinsoat leastin regardof

their size shoulthe well-suitedto applicationof this model.

In this studywe firstly compared our ice thickness resutisndependent ground penetrating radar
(GPR) measurements made by Ergall. (2012)on IJR-45(a land-terminating valley glacier) and
across the Davies Dome ice cap, bamtlthe Ulu Peninsulaf James Ross Island. Our uncertainty
analysis was informed bi¢ work on mountain glaciersf James and Carrivick (2016), but also took
advantagef the aforementioned GPR data, whisimot includedn Bedmap2. Modelled-measured

comparisons were made along glacier egines andon flow-perpendicular transects where GPR-
10



326 measurements have been made and produced median modelledenhelifferencesf 32 m and a
327 maximumof 62 m Fig. 3. Onthe basi®f these comparisonvge herein report modelled ice thickness
328 onland-terminating valley glaciers with uncertaiotiy+ 31 % and glacier volume with uncertaimtfy+
329 20 % but note that these uncertainties are both wasstestimates.df land-terminating ice caps the
330 uncertaintyin ice thicknesss upto 45 % ig. 3) dueto the shallow gradient ice surfaces but ice

331 volume uncertaintys the sameat 20 % because over- and under-estimatese thickness tentb

332 cancel each other out.

333

334 Secondly, to gaianestimateof the uncertaintyn our model for the distributed ice thicknesshe

335 vicinity of grounding linesywe compared our ice thickness results with thofS€arinottiet al. (2013)
336 for Flask Glacier, and with thosé Farinottiet al., (2014) for Starbuck Glacier. Both datasets were
337 incorporated by Huss and Farinotti (20ijheir studyto correct their model. These comparisois
338 model resultsKig. 4 show that our model has considerable eirr@he vicinityof a grounding line,
339 becausat tendstowards zero ice thickness non-adjacent glacier boundareswould be the case for
340 land-terminating glaciers. However, that effect dosspnopagate more than a few kilometres up-
341 (glacier andso has only a spatially-restricted effemt distributed ice thickness, and a negligible effect
342 onthe magnitudef modelled ice volumeH(g. 4).

343

344 It is apparent that fohe glacierson the Antarctic Peninsula bounded by steeply sided mouskapes
345 and thusof analpine character, our model can replicate the ic&nkegs suggested by Huss and

346 Farinotti,asevidenced by the general spatial patterite thickness and by a histograifmabsolute

347 differences between the two models where the meéaretiiceis 1.4 m, the standard deviatiasf the
348 differences 676 and -953m, respectivéiig( 4). Onthe basi®f these comparisoraf our modelled ice
349 thickness for tidewater glaciers with that measuveglherein report modelled ice thickness across
350 tidewater glaciers with a mean uncertaiofy: 16 % and glacier volume with a mean uncertaiity
351 20%.We assume that these uncertainty estimates are rem@tgeaf the surrounding islands, the
352 Trinity Peninsula and for Graham Land doehe similar mountain topograplirythose regions.

353

354 Thirdly, we considered the utilityof our model across Palmer Land, where interpolation riist
355 (glacier widths) are much larger, where ice surface slape very low and where the only independent
356 ice thickness measurements available are thib®peration Ice-Bridge. Manually moving (laterally) our

357 sub-parallel multiple cerglines by upto 5 km had a negligible effedf the overall pattermof ice
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358 thicknesoronindividual glacier volume. However, changing the nundfesub-parallel centerlines did
359 have a significant effect and for this reasemlocated sub-parallel caetines Fig. 2A) where thicker
360 partsof the glacierasdepictedn the Bedmap2 dataset reached the groundingHiige ZB). Our results
361 reported below include a cross-over analydgi®ur centeline ice thickness points with ice thickness

362 points derived from airborne radar surveys.

363 Spatial and statistical analysis
364 Zonal statistics per glacier, per major glacial regagod per major glacier catchment were extracted
365 from ice-surface elevation, ice thickness and subglaeiditopography grids. Areas with bed
366 elevations below sea level were automatically extraciged binary reclassificatioof bed topography
367 [> 0 m.asl =0; < 0 m.asl = 1], conversioaf the ‘1’ valuesin this gridto polygons, and then zonal
368 analysisof bed topographyey polygon zone. The paof ice below sea levah each grid cell column
369 was excluded from estimatespotential sea level rise. Overdeepenings were automaticaibceed
370 from bed topography b¥filling sinks’ in the bed topography and analysedhe same mannasfor
371 Dbed elevations.
372
373 Conversion of icethicknessto potential sea level rise
374 As snowfall and temperature are not uniform across thenB@aj the thicknessf the snow and firn
375 layeris not uniform and therefore griddéme column’ densities are spatially variable. However,
376 quantifying this spatial variatiois not trivial andis poorly constrained by field observatiohge
377 therefore converted our ice volumesa mass by assuming a mean dersit§52 kg.n? to account for
378 the fact thakachgrid cellis not just a thicknessf ice but also with some significant depthsnow and
379 afirn layer. The firn layeis especially prominenit Palmer Land (Huss, 2013; van Wessem, 2016),
380 accordingto the modelling by Ligtenberet al. (2011) using a firn densification model that included
381 liquid water processes (meltwater percolation, retardind refreezing), that was turtedit depth-
382 density observations, and that was driven by RACM©.5 km resolution. This mean densiyhe
383 same valuasused by Huss and Farinotti (2014) for the mountainous nonplaetaf the Antarctica
384 Peninsula. Lower density firn layers are thistken high dry plateau (Ligtenbegg al;., 2011) butt is
385 alsoin those places, especially Palmer Land, that overalhickrtesss greatest ando mean (ice
386 column) densitys probably noto dissimilarto the single global valuere use. The massf ice was
387 convertedo a sea level equivalent (SLE) using an ocean@ir8z518 x 18 kn?. Our SLE calculations
388 arenot very sensitivéo the choiceof density value; changing the mean density fromt83200 kg.m?
389  with a volumeof 100,000km? producesanincreasean SLE of 13 mm.
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RESULTS

Our modelled ice thickness grid cell values fall into twougs) those computezh glacier centrelines
using the perfect plasticity assumption, and thosepotated between the centrelines and the glacier
perimeter. A cross-over analysisour modelled ice thickness poirs our centrelines and the closest
Operation Ice-Bridge (OIB) (2016) airborne radar ice thickipedsts (if within 500m) givesanr?
valueof 0.41 Fig. 5A). Thisis beterthan the correlation between our ice thickness poirts an
Bedmap?2 ice thickness valu@é=0.38; Fig. 5B). But, it is importantto realise that (i) Bedmap2 was
generated by interpolating from the OIB (2016) points, aliincthe interpolation routine did not
preserve the original thickness values, and (i) Huss andd&a (2014) adjusted their modia best-fit
the OIB point ice thickness valudsis therefore promising that whilst our model centreline pizia
thickness values have a weak agreement with Bedmap2 ¢keebs grid valueg? = 0.38:Fig. 5B),
thereis a moderately high correlation between our maéetreline point ice thicknesses and the
corresponding grid cell valued ice thickness by Huss and Farinotti (20@4)= 0.58:Fig. 50).

Unfortunately, the applicabilitpf our model across Palmer Largvery limited dueto the extensive

shallow gradient ice surface slopes. Our examinatioftross overs’ of our centreline ice thickness
estimates with OIB ice thickness poinisa very big and very low gradient glacieiPalmer Land shows
that ‘minimum slopethreshold’ a0 below 1.5%a valueof 4 is typically for mountain glacier applications
of perfect plasticity models) are necesstryobtain any ice thickness estimaeall, and even that

estimates unrealistic with over- and under-estimates (relatvBedmap2) > 100 % possiblgif. 6).

The spatial patteraf the differencen our modelled ice thickness with thatthe nearest (if within 500
m) OIB point ice thicknesss mappedn Figure 7and this patteris dominated by greater differences
southof 70°S, illustrating the effect®f (i) a poorer abilityto compare our modelled ice thickness
centreline points with OIB points die much larger glaciers with more sparse centrelines ama
sparse OIB lines) and thus with greater distances fromtaetiaeto anOIB point, (i) more realistiat-
a-point ice thickness estimatiessteeper mountainous topography (James and Carrivick, 20h&)vwba

broad low-relief ice sheet plateau areag(re 7 e.g. Carrivicket al., 2016).

Spatially, the patteraf ice thickness from our model, Bedmap2 (Fretwedl., 2013) and Huss and
Farinotti (2014)s similar (Fig. 8A), but some important discrepancieghe ice thickness modelleal

each case muse noted. Our ice thickness grid has the same high spatigdlsig (100m) asHuss
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and Farinotti (2014) and resolves the same subglaciattamous topographyr(setof Fig. 8A).
However, our ice thickness apparently too great along the interadithe northern Antarctic Peninsula
(Fig. 8A, B, C). In the region soutbf 70°S andonthe surrounding islands our modelled pattrite
thickness generally agrees with tbhBedmap2 [fig. 8A; Table 3, but appears smoother primarily
dueto the different DEMs used to derive the Bedmap2 modebandnodel.

The most notable discrepanciaghe models are thicker ice modeliadhis studyon Adelaide Island
andon Alexander Island thaim Bedmap2, and thicker ice modelliecthis studyin the southern padf
Graham Land tham Bedmap2r in Huss and Farinotti (2014[ig. 8A; Table 3. In western Palmer
Land our model estimates ice thickness thapto several times thaif Bedmap2, whicls
disconcerting given that Bedmap2 was fittedIB data. The effeadf manually drawn multiple sub-
parallel centelinesis regrettably evidenn the ice thickness grid across Palmer Lafd.(2). We
therefore contend that whilst our modelnsuitable for estimating distributed ice thicknesssgthe
extensive shallow gradient glaciersPalmer Land, with caution estimatgfsregional ice volume can
be made.

The resultof this study and the modef Huss and Farinotti both suggest thickeriicéhe
mountainous subglacial troughs than the Bedmap2 dataléedities. In some instances these
differences are large; up £ 1000 m Fig. 88, Fig. 5. However, Table 2 shows that when region-by-
region statistics are calculated the relative ogeunder-estimation by argf the three models varies
between major regions. Our predicted ice thicknessessaBx@mer Land have a spatial pattern that
agrees with Bedmap2 across the eastern sidelibavestern sidef the PeninsulaHig. 8B). Overall,
the ice thickness modelled this study tend& be over-estimated comparéd Bedmap2 ftig. 9A),

and tendgo be lower than modelled by Huss and Farinotti (20E4y.(9B). Theice thicknes®f Huss
and Farinotti tendt bethicker thann Bedmap2 fig. 90. If spatial patternKig. 8 and grid cell
values Fig. 9 are compared then our modelled ice thickness has gegagement with the modelled

ice thicknes®f Huss and Farinotti (2014) than with thaseBedmap?2. That general agreemisnt

remarkable given the numbécqunt in Fig. 9 of grid cells being compared between our study and

thatof Huss and Farinotti. Our modelled subglacial topographybsém level has a spatial pattern
very similarto that of Huss and Farinotti (2014) but that pattern compares less ilelihe Bedmap?2
(Fretwellet al., 2013) dataseF({g. 10. The parts of glaciers below sea lewetedin Figure 10will
haveanimpacton sea level becausd the density difference between ice and watersantl(all) that

ice were removed and would raise sea level (by a maxiafum14mm
14
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Our results indicate an ice voluraa the mainland Antarctic Peninsula tligtypically twice that per
major region than that provided by Bedmap2, exceptPbrwest” where our model suggests a similar
total ice volume reporteid Bedmap2, antPL-east” where our modelled ice voluneea 20 % under-
estimaten comparison with Bedmap2. On surrounding islands our rieatiele volumeas on average
50 % more than Bedmap?2. Thesgreat discrepancy between our modelled ice volume bsdaw
level with thatof Bedmap?2 with the greatest proportional differeringbe regiorf TP-east’ (Table 3.

For mainland regions with comparable coverage; naiilwest, TP-east,GL-west andSL-east, our
modelled volumes are 1.5 times more than those by Hudsaambtti (Tfable 3. For surrounding
islands our modelled volume(s) are comparablduss and Farutti’s (2014)results for most regions
but ‘C-west’ is very different {able J dueto a more limited spatial coveragetheir study. For zones
with complete coverage, our volume(s) below sea leeetyqically three times that modelled by Huss
and Farinotti for mainland regions and four times foasurrounding island regiong#ble 3.

These discrepanciés spatial coverage, spatial resolution and method bettheetihree models result
in estimate®f sea level equivalent (SLE) ranging from@&to 715mm for the Antarctic Peninsula
mainland, and from éhmto 55 mm for the surrounding islandS &ble 3. The estimated SLE
calculated by our simple model71 % and 84 % for the mainland and for the surroundlagds
regions, respectivelyf that suggested by the Bedmap2 data. Our estirn&fisE agree well with
thoseof Huss and Farinotti (2014n a region-by-region basis, the biggest difference beirg 327

mm versus 19 mm) for regioBL-east (able 3.

The spatial patteraf SLE per major region determinedthis study emphasises the importaote
including Palmer Land and Alexander IslaiRdy( 11A) in SLE estimates. Were théy melt entirely,
Trinity Peninsula could contributedm = 0.8 mm, Graham Land 44nm £ 8.8 mm, and Palmer Land
459mm £ 91.8 mmto sea level, dut ice massesf 1569 Gt, 16,03&t and 166,263 Gt, respectively
(Table 3. Alexander Island accounts for 8&n+ 6.4mm SLE, whichis 70% of that from all
surrounding islandsl@ble 3. On a glacier-by-glacier basis, the spatial pattdrpotential SLES
similar to that within the region-by-region pattern but indicates heteme (i) across Graham Land
and across Alexander Island whardoth cases the northern part has higher potentialilbotitms
than the southern parfif). 118, and (i) across Palmer Land where glaciers drainasgveards tentb

havelower SLE than those draining westwardg)( 11B).
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DISCUSSION

Our modelled ice thickness has the same 100 m spatial saraptimg modebf Huss and Farinotti
(2014) and resolves the same sdntugged subglacial topography whishess well represented the
1 km grid postingpf Bedmap2 (Fretwekt al., 2013). Furthermore, our modelled ice thicknsssore
similarin planform distribution ig. 8) andin magnitudeo thatof Huss and Farinotti thao thatof
Bedmap2 Figs. 5, 6, J, whichis remarkable given the far more sophisticated naititbe Huss and
Farinotti (2014) model, and given the basi8edmap2 being OIB (2016) data. The discrepamcy
magnitudeof local (per grid cell) modelled ice thickness betweenghidy, Bedmap2 (Fretwedt al.,
2013) and Huss and Farinotti (20f)upto 1000 min some extreme casesiq. 9 contrasts with the
generally good agreemeintspatial patternHig. 8. Thus whilst therés uncertaintyin modelled ice
thicknessat any point, considerablgo across Palmer Land, this uncertaiistgpparently reduced by
spatial averaging; specifically by consideratwrglacier (catchment) volumas preferenceo
absolute ice thickness. Therefore with caution our mogtehatesof ice volume across Palmer Land
canbe combined with our estimated ice volume for the northern padgthe Antarctic Peninsula and
surrounding island® give the first complete coverage assessrogite volume and SLE
contributions. Our usef the most recent distributiayf CryoSat-2 data for partd the Antarctic
Peninsula mainland south 70°S has improved our knowledgé ice thickness, bed topography and

SLE in that pariof the Antarctic Peninsula.

Our discriminatiorof ice volume per major region quantifies the (i) dominasfogestern Palmer
Land, whichwe propose contains 47 &§ thetotal mainland ice volume (Table 3) and whislin
agreement with the findings® Schannwelkt al. (2018), (ii) importancef Alexander Island, which
contains 70 %f the total ice volumen surrounding islands, and (iii) importangkthe surrounding
islands, which contain 12 @f all ice across the Antarctic Peninsulalfle 3. These quantifications
are important becausmountain glacier and iceap’ type glaciers have been highlightesbeing
especially vulnerableo climate change because theg eelatively small and have relatively fast
response times (Raper and Braithwaite, 2006; Matiak, 2007). Furthermore glaciesa surrounding
islandsof the Antarctic Peninsula are situatga lower elevation than thosa the mainland ando
aremore susceptible not onlyo warming oceans (Meredigt al., 2005Martinsonet al., 2008;
Schmidtkoet al., 2014; Wouterst al., 2015; Coolet al. (2016) because the majority are tidewater
glaciers (Daviegt al., 2012), but alsto warming air temperates(Turneret al., 2012). Since 24 %f

the mainland glaciers and 47@6the surrounding island glaciers are below sea léwa#il¢ 3 they are
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514 especially vulnerabl®o ice-shelf collapsén situations where they flow over retrograde slopes o®o i
515 shelves (Scambaet al., 2003, 2014; Glassetal., 2011; Rotetal., 2011).

516 The mountain glaciers on the surrounding islands bawegalof 16,472Gt ice mass with the capacity
517 to contribute 8 %of SLE from the Antarctic Peninsula, whighhigher than 5 % suggested by the
518 Bedmap2 datal@ble 3. The contexbf these figuress that previouslyt has been suggested that
519 mountain glaciers surrounding the Antarctic Peninsat@ant for 25 %of the total sea level rise
520 potential from glaciersral icecaps worldwide excluding the mainland Greenland and&ita
521 mainland ice sheet (Radic and Hock, 2010; Radic and Hock, Zedrigomparison, Pritchard and
522 Vaughan (2007) examined the northern Antarctic Peninsula beté&io 70°S and suggested a
523 total SLEof 242mm, which given that geographical extent excludes rabBtalmer Land seenan
524 over-estimate given the 508m (+ 101 mm) determined by this study for the whole mainlaindi{le
525 3). Bamberetal. (2009) also suggested that the Antarctic Peninsula $B8E af 240 mm. For these
526 studiest is unclear exactly which glacier catchments were includddhaw these sea-level rise
527 figures were derived. Drewry (1983) and Heroy and Anderson (2005) seddlest the Antarctic
528 Peninsula and surrounding glaciers contain a &LEOOmmto 400mm..
529
530 Our new estimatesf the present ice volume, ice mass and $t.&he Antarctic Peninsula provide
531 contextto contemporary observation$ice loss. Ivinetal. (2011) reported ice mass loss for the
532 northern Antarctic Peninsula (i.e. Graham Land) of 41.55t @ between 2003 and 2009. For the
533 same time period, Gardneral. (2013) reported ice mass loss for glaciers periphethé peninsula
534 and for islands surrounding the peninsofi® and 7 + 4Gt yr?, respectively. Considering the entirety
535 of the Antarctica Peninsula, Shephetdl. (2012) have reported ice mass 0636 + 10Gt yr?
536 between 2005 and 2010. Ratdsce volume and ice mass change primarily between years 2003 and
537 2008 were reported by Scambetsal. (2014)of 27.7 + 8.6 kha® and 24.9 + 7.&t at, equato —0.73
538 mat'w.e. Sasgestal., (2013) reported that the northern Antarctic Peninsatl mass los<26 + 3 Gt
539 yr!between 2003 and 2012. Thésanobvious need for more field datmconstrain both directly-
540 measured ice thickness, swdfrom ground penetrating radar and seismics, and alée iy
541 estimated ice thickness changes (e.g. Cakwial., 2012). Notwithstanding the outstanding coverage
542 of the OIB data (2016) across the Antarctic Peninsula, direetasured distributed bed topograjdy
543 known from only a few small glacieos James Ross Island (Engglal., 2012;Fig. 3, and from Flask
544  Glacier and Starbuck Glacienthe Antarctic Peninsula mainland (Farinettal., 2013, 2014ig. 4).
545 Therefore the close analysiice thickness and volunm the surrounding islands that have
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546 providedis novel andof great utility for all concerned with present day gges and ongoing glacier
547 changes. The circumstances for which thigly’s gridded ice thickness data across the mainland
548 Antarctic Peninsula could most beneficiabgusedin partitioning volume, mass and melt eat

549 equivalent contributions under scenamds€hangesn climate and oceanic forciran the glacier

550 systems.

551

552 CONCLUSIONS

553 We have modelled high-resolution (100 m grid) subglacialtbpdgraphy and distributed ice

554  thickness across a far greater spatial extent thangpiglyiconsiderediVe achieved thisn a far

555 simpler manner than previous efforts, requiring less idpta and less parameterizativve have used
556 the most-recent and best available DEMs. This approachdcantages, suasspeed and coverage,
557 and disadvantages, suabhigh uncertaintyn at-a-point thickness. Specificallye discriminate all
558 glaciersof the mainland Antarctic Peninsula noah74°S and all glaciersn surrounding islanddVe
559 have reported ice thickness and bed elevation statigfiacier volume and potential sea-level rise for
560 each major mainland region and surrounding island gibigimportantto make spatially-distributed
561 discriminations because the Antarctic Peninsula spamesaedorpho-climatic zones.

562

563 Our comparisomf model results highlights discrepancies between our moded#ietiickness, that of
564 Bedmap2 (Fretwekt al., 2013) and thaif Huss and Farinotti (2014). Our modeapparently abléo
565 reproduce the salient featumasthe rugged subglacial topograpbithe northern panf the Antarctic
566 Peninsula (Trinity Peninsula, Graham Land and the surrourslamgls)aswell astotal ice volumeln
567 this studywe have shown that anemphasiss maintainedn ice volume, andn ice thickness

568 statistics per glacier rather than absolute ice thickaes-point, then a perfect plasticity typémodel
569 canbeapplied with cautioto marine-terminatingiswell asland-terminating glaciers. Our ice

570 thicknesses calpe considered onlgsa first order estimate.

571

572 Our modelled ice thickness compares less favourably witHrtbratprevious efforts across Palmer
573 Land. Thisis undoubtedly duéo its poor treatmeraf very low gradient ice surfaces, but also perhaps a
574 productof the newer CryoSat DEM thate have used for that region whighsmoother than ASTER
575 GDEM, for example. Recognizing that our model probably @atimates ice thickness and hence
576 volume, though noasmuchasBedmap2we suggest that western Palmer Land contains 4if #e

577 total ice volumeof the Antarctic Peninsula. We have quantified that gladieisurrounding islands
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contain 12 %of all ice across the Antarctic Peninsula afthis Alexander Island contains %6.
There are greater potential SLE contributions from glacin the eastern sidef Graham Land thaon
the west and vice versa for Palmer Land. This asymneB\.E is interesting for considering
atmospheric versus oceanic impamtthe Antarctic Peninsula glaciers.

Thetotal ice mass on the Antarctic Peninsslastimatedo be 200,343Gt, a SLEof 553mm (+ 110.6
mm), of which 8 %is contributed from glaciersn surrounding islands. Trinity Peninsula could
contribute 4mm+ 0.8 mm, Graham Land 44m £ 8.8 mm, and Palmer Land 468nm + 91.8 mmto
sea levelTable 3. Across the entire Antarctic Peninsula, 24o#the mainland ice and 47 %f ice on
surrounding islands below sea level, making these glaciers, especiallethwslexander Island and
in western Palmer Land, extremely vulnerablelimate changasmanifestin rising air and ocean

temperatures.

Future developmerdf the simple approadio estimating ice thickness and volume presented herein
obviously needso accommodate extensive shallow gradient ice surfacest {Ditpsovements could
focus firstlyon derivationof glacier flow lines using longitudinal flow stripes aitkations (e.g. Ely
and Clark, 2016) rather than relying relatively sparse centrelines. A representabibftoating glacier
terminii Could be made via a flotation criteria implensetdt or closeto the grounding line perhaps by
using measured (or from tipdastic model) elevation estimatiesget a height above sea level and by
assuming that ice thicknessequivalentto the thicknessf the water column after accounting for
density differences. A plastic model which does somethimgas, thoughin this casethe ice surfaces

unknown,is in Gowanetal (2016).
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TABLES

Mainland Antarctic Peninsula

TP-West Trinity Peninsula west of main divide

TP-East Trinity Peninsula east of main divide

GL-West Graham Land west of main divide

GL-East Graham Land east of main divide

PL-west Palmer Land west of main divide

PL-east Palmer Land east of main divide

Surrounding Islands

N Andersson, Bransfield, Dundee, Joinville, Jonasson, D’Urville
N-west South Shetland Islands, Deception, Low, Smith, Snow
N-east James Ross, Eagle, Lockyer, Snow Hill, Vega

C-west Adelaide, Anvers, Astrolabe, Belding, Brabant, Butler, Christiana, Dubois, Hoseason, Horseshoe, Krogh,

Larrouy, Lavoisier, Liard, Liege, Millerand, Pitt, Pourquois Pass, Rabot, Renaud, Tower, Trinity, Two
Hummock, Watkins, Wiencke

C-east Dollerman, Ewing, Francis, Gipps, Hearst, Robertson, Seal Nunataks, Steele, Tonkin
S-west Case, Charcot, DeAtley, Dorsey, Eklund Islands, Latady, Rothschild, Smyley, Spaatz
A Alexander Island

Table 1. Explanatiorof geographical codes and groupimgsnajor glacier regions for the Antarctic
Peninsula and surrounding islands usethis study.

This study Bedmap?2 (Fretwell et al., 2013) Huss and Farinotti (2014)
Mean ice Maximum ice Mean ice Maximum ice Mean ice Maximum ice
Region thickness thickness thickness thickness thickness thickness
(m) (m) (m) (m) (m) (m)
Mainland
TP-West 459 1457 187 484 277 1075
TP-East 423 1577 141 521 260 1080
GL-West 373 2216 130 985 251 1316
GL-East 563 2136 223 1291 354 1983
PL-west 1305 2668 892 2451
PL-east 571 2521 937 3171 370* 1835*
Surrounding islands
N 480 1603 227 477 256 656
N-west 242 1113 56 391
N-east 335 1719 116 436 234 920
C-west 516 1914 184 738 228 1159
C-east 385 1594 258 435 14* 605*
S-west 397 2166 326 589
A 569 2304 323 1640

*These valuesf Huss andfarinotti’s dataset only include calculations covering a small giattese
regions.

Table 2: Comparisorof mean and maximum ice thickness per major reggmodelled by this study,

Bedmap?2 (Fretwekt al., 2013) and Huss and Farinotti (2014). All ice thickness atsrhave a
worst-case uncertaintf + 31 %.
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This study

Bedmap?2 (Fretwell et al., 2013)

Huss and Farinotti (2014)

Ice volume  Ice volume Ice mass Sealevel Ice volume Ice volume  Sea level Ice volume Ice volume  Sealevel
Region <0 m.asl equivalent <0 m.asl equivalent <0 m.asl equivalent
(km?) (km?) () (mm) (km?) (km?) (mm) (km?) (km?) (mm)
TP-west 1,211 282 791 2 494 13 2 745 41 2
TP-east 1,362 449 778 2 494 13 2 929 160 2
GL-west 8,843 1,639 6,138 17 3,070 69 10 5,972 639 13
GL-east 16,208 4,588 9,900 27 6,441 896 18 10,275 2,111 19
PL-west 122,772 34,013 75,623 209 117,224 21,331 311
PL-east 109,810 3,424 90,641 250 197,225 82,130 373
sum mainland 260,207 44,395 183,871 508 324,948 104,452 715 17,922 2,951 35
N 1,121 541 493 1 539 122 1 625 149 1
N-west 663 208 387 1 146 6 0
N-east 662 138 447 1 253 18 1 583 155
C-west 4,003 1,794 1,881 5 1,571 176 5 2,047 228
C-east 717 284 369 1 553 168 1
S-west 2,529 1,091 1,224 3 4,373 1,374 10
A 27,078 13,380 11,671 32 15,324 3,916 37
sum islands 36,772 17,436 16,472 46 22,760 5,778 55 3,255 533 6
sum total 296,979 61,831 200,343 553 347,708 110,231 770 21,177 3,484 42

Table 3. Summary per major mainland and surrounding islanenegfitotal ice volume, ice volume

below sea level and maximum potential sea-level equivgfirE) accordindo the modellingof this

study, Bedmap2 (Fretwedt al., 2013data, and the modellingf Huss and Farinotti (2014). All
volumes and sea level equivalent estimates have d@-eass uncertaintgf + 20 %.
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876 Figurel. Major glacier regions across the Antarctic Peninaglasedin this studyto spatially
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Figure 2. Exampleof multiple centrelines per single glacier outline aigifly introducedto
accommodate applicatiaf the VOLTA modeto wide, low-angle and coalescing glaciers that are
typical of the southern padf the Antarctic Peninsula this casenthe mainland opposite the south
coastof Alexander Island. The resultant VOLTA-computed ice thiskn@) matches the magnitude
and spatial patterof ice thickness from Bedmap2 (B) well. Grounding linesferm Rignotet al.
(2011). Bedmap2 daia from Fretwellet al. (2013).
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Figure 5. Cross-over analysisf ice thickness for our modelled glacier centreline pdimts 81,463)
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Figure 9. Histogram comparisoaf grid cell values between the modelled ice thickméghis study
and Bedmap2 (a), between this study and the ice thickmedslled by Huss and Farinotti (2014)
(‘H&F’) (b) and Huss and Farinotti and Bedmap?2 (c). Bars aoei@ato match the elevation
differencesasmappedn Figure 4
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986 Figure 10. Subglacial topography, emphasizing those ané#se Antarctic Peninsula that are below
987 sea level ando potentially contribute by a relatively small amotmsea-level riseasmodelled by this
988 study (a) within the Bedmap2 (Fretwetlal., 2013) dataset (b) amd modelled by Huss and Farinotti
989 (2014) (c). Note that the insdatspanels a and b are underlain by hillshaded bed topographyffiy cl
990 of the 100 m resolutin grid.
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1003 Figure 11. Maximum potential sea-level equivalent (SLE) contributispatially discriminated per
1004 major region (a) and per glacier (b). Note the coloulescare different between the two panels.
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