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Abstract. Assessing and projecting the dynamic response oftic Peninsula and its surroundings are reported to have con-
glaciers on the Antarctic Peninsula to changed atmospheritributed by almost 30 % to the cryospheric component of sea-
and oceanic forcing requires high-resolution ice thicknesdevel rise since 196(Hock et al, 2009. Strong atmospheric
data as an essential geometric constraint for ice flow modelswarming trends in recent yearsgughan et aJ.2003 Bar-
Here, we derive a complete bedrock data set for the Antarcrand et al. 20133 and changed oceanic conditioridgred-

tic Peninsula north of 705 on a 100 m grid. We calculate ith and King 2005 are likely to be the main triggers of the
distributed ice thickness based on surface topography andynamic glacier mass loss.

simple ice dynamic modelling. Our approach is constrained Ice shelf disintegration and wide-spread surface lowering
with all available thickness measurements from Operationin coastal areas as observed on the Antarctic Peninsula are
IceBridge and gridded ice flow speeds for the entire studyalso relevant at larger scales for both the Greenland and the
region. The new data set resolves the rugged subglacial toAntarctic ice sheetritchard et a].2009 2012). Understand-
pography in great detail, indicates deeply incised troughsjng the related processes is crucial for improved projections.
and shows that 34 % of the ice volume is grounded belowHowever, ice flow modelling requires accurate bedrock data
sea level. The Antarctic Peninsula has the potential to raisavith a comprehensive coverage. Despite major advances in
global sea level by 6% 5mm. In comparison to Bedmap2, airborne radio-echo sounding of ice thickness in polar re-
covering all Antarctica on a 1 km grid, a significantly higher gions, the uncertainty in gridded bedrock data still limits
mean ice thicknessH{48 %) is found. the application of state-of-the-art flow models for detailed
process studies. For the Antarctic Peninsula, a large hum-
ber of ice thickness observations is provided by the repeated
) surveys of Operation IceBridge (OIB) (e.gllen, 2013.

1 Introduction Ground-based thickness measurements are scarce and are

. . . , only available for a few individual glaciers (e.§arinotti
Glaciers of the Antarctic Peninsula strongly differ from the al, 2013 2014

rest of Antarctica regarding their topographical and climato- The glaciers of the Antarctic Peninsula are covered by the

logical characteristics and their sensitivity to climate change.rirst complete bedrock data set for Antarctica (BEDMAP.

The recent collapse of several ice shelves around the Pemri_- the and Vaughar2009). Le Brocq et al(2010Q enhanced
sula.and the supsequent speed up and mass loss of glac'eg%DMAP by including additional thickness measurements
feeding them Rignot et al, 2004 Scambos et 3l.2004

. ) and refined interpolation techniques. However, the grid spac-
;(r)'iCh‘;rd and VaUQQaﬁOOJ_: ilassler ets,:_201jf, T}Ott et ‘?‘I’ ing of both data sets is only 5km, which is too coarse for
i ) er;:onstrag t (:] Ilg \:ju ne(rja ”tyl © .t € region tohresolving the mountain topography of the Peninsula with its
¢ '”.‘ate change. Dver the last decades, glacier retreat in thg, ., subglacial valleys and a high ice thickness variability.
region was considerabl€6ok et al, 2005 and the Antarc-
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1262 M. Huss and D. Farinotti: A high-resolution bedrock map for the Antarctic Peninsula

With the rapid increase in the coverage of thickness measuredata the study only addresses the Antarctic Peninsula north
ments, new initiatives have recently contributed to updatedof 70° S (Fig.1).
bedrock maps for both GreenlarBamber et a].2013, and A 100 m digital elevation model (DEM) for the Antarctic
Antarctica Eretwell et al, 2013 at 1 km resolution. For the Peninsula (63—70S) is provided byCook et al(2012) based
Peninsula, Bedmap2 is a big step forwaFdetwell et al.  on the Advanced Spaceborne Thermal Emission and Reflec-
(2013 interpolated all available bedrock data supported bytion Radiometer (ASTER). Several ASTER scenes acquired
synthetic ice thicknesses estimated from a simple relatiorover the last decade were stacked and artifacts were corrected
with surface slope. resulting in a consistent, smooth and void-filled terrain model
Whereas for large-scale ice sheet modelling, the spatiafor the entire study region. The accuracy of the DEM quan-
resolution provided by Bedmap2 might be sufficient, detailedtified by comparison to ICESat data4s25m (Cook et al,
considerations of mass balance, ice flow and grounding-lin€2012.
dynamics necessitate the application of models that are able Based on this high-quality DEMCook et al.(2014) de-
to cope with the high spatial variability of the governing pro- rived ice flow catchments for 1606 glacier entities. The catch-
cesses. For such models, a high-resolution bedrock topogranents delimit dynamically connected regions from the high-
phy is an essential geometric constraint. est point of the basin to the calving front or to the ground-
Over the last decades, several methods for indirectly in4ing line (Fig. 1). We do not consider floating ice in the
ferring ice thickness by combining information contained in present study. Catchment areas range between & Zikih
surface topography with ice dynamic modelling have been7000 kn?. By intersecting the basin outlines with a detailed
developed and applied. Some studies have focused on thickreector data set of rock outcrop boundaries retrieved from
ness distribution of individual glaciers in alpine environ- the SCAR Antarctic Digital Database Version 6vdaw.add.
ments Budd and Allison 1975 Oerlemans1997, Farinotti scar.orgy we obtain an ice mask for each individual glacier.
et al, 2009 McNabb et al. 2012, and have also been ap- Lenaerts et al(2012 provide average surface mass bal-
plied at the mountain-range scaf@lgrke et al.2013. Other  ance for the period 1979-2010 based on simulations with
papers have addressed the bedrock topography of a part ¢fie Regional Atmospheric Climate MOdel (RACMO) on
Antarctica Roberts et a).2011), or for outlet glaciers of the a 27 km grid. RACMO was driven by ERA-Interim data and
Greenland ice sheeMprlighem et al, 20133 2014. Huss  validated against in situ mass balance measurements. The
and Farinotti(2012 have presented a data set of ice thick- Peninsula is identified as the region with highest accumula-
ness distribution for each of the world’s roughly 200000 tion rates of the Antarctic continent-(1500 kg nT2yr—1).
glaciers outside of the two ice sheets. The benefit of includ-However, only very few direct mass balance observations
ing flow speed data into the calculation of ice thickness dis-(e.g. Turner et al. 2002 are available for validation in the
tribution has been demonstrated in a few papers recently (e.gtudy region (Figl).
Morlighem et al, 2011 McNabb et al. 2012 but has so far Between 2002 and the present numerous flight campaigns
not been exploited at the regional scale. from NASAs Operation IceBridgeAllen, 2013 covered
Here, we derive a new high-resolution ice thickness andthe Antarctic Peninsula collecting radar-sounding data at
bedrock data set for all glaciers of the Antarctic Peninsulal50 MHz using the Multichannel Coherent Radar Depth
north of 70 S. By combining simple ice flow modelling with Sounder (MCoRDS) (see alsghi et al, 2010. OIB pro-
a large number of direct ice thickness measurements fronvides direct measurements of local ice thickness for 238 in-
Operation IceBridge, gridded surface velocities and masglividual glaciers on the Peninsula (15 % of the total num-
balances, local glacier thickness is calculated from characterber). AlImost 500 000 individual point observations are avail-
istics of the glacier surface. This approach allows us to inter-able along 8500 km of continuous tracks (Flg. The OIB
and extrapolate the scarce thickness observations relying odata yield ice thickness and bed elevation with a nominal
physical relationships and thus to achieve a highly resolvedaccuracy of 10 m@Gogineni et al. 2001). Actual data ac-
bedrock estimate. We present the ice thickness distribution o€uracy depends on location, quality of bed reflections and
the Antarctic Peninsula on a 100 m grid, discuss the implica-uncertainties in the dielectric properties of the ice. Based on
tions for potential sea-level rise and compare the data set taross-over analysis of OIB flight lines on Russell Glacier,
Bedmap?2 Eretwell et al, 2013. Greenland Morlighem et al.(20133 found a standard ice
thickness error of 31 m. For the Antarctic Peninsula, similar
accuracies were confirmed through cross-validation with ter-
restrial ground-penetrating radar (GPR) on Starbuck Glacier
2 Data (Farinotti et al, 2014. A maximal deviation of 45m (12 %
of local ice thickness) was found. In addition to OIB data,
Our approach to derive ice thickness makes use of a variety athis study also makes use of ice thickness measurements for
data sets including surface topography, glacier outlines, surFlask and Starbuck Glacier (Fi@) based on airborne and
face mass balance, ice thickness, and surface flow speed meground-based GPHFérinotti et al, 2013 2014).
surements. Due to the availability of high-resolution input
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55W sas 66'S locity. We thus follow recent studies (see eSgllier et al,
\/ Surface elevation (m a.s.l. 2012 Clarke et al. 2013 Morlighem et al, 20133 van Pelt
VAN ﬂi‘” et al, 2013 that have proposed similar techniques for infer-
/ N . . . . .
/ L Vi ring distributed ice thickness.
I Ice thickness data
<500m 3.1 Modelling approach
= + 500-1000 m
g * >1000m The methodology applied in this study is based on the ap-

km

proach ofHuss and Farinotf2012 which is further devel-
oped and adapted to glaciers on the Antarctic Peninsula (see
also,Farinotti et al, 2014). Based on surface mass balance,
ice volume fluxes along the glacier are determined and are
used to compute ice thickness basedGiaris (1955 flow
law for ice deformation and assumptions on basal sliding.
Contributions of basal mass balance are neglected. As de-
scribed inHuss and Farinot{i2012), all calculations are per-
formed for a simplified 2-D shape of each individual glacier
that is obtained by evaluating glacier characteristics (area,
Lurabee surface slope, length, width) for 10 m elevation bands of ice
surface topography.

Surface mass balance distribution is taken from RACMO
(Lenaerts et al2012. We perform a spatial downscaling of
the RACMO results from their coarse grid (27 km) to 100 m
resolution by deriving a local, elevation-dependent mass bal-
ance function and applying the relation to our fine grid using
the DEM of Cook et al.(2012. This function is obtained
from linear regression of mass balance vs. surface elevation
Figure 1. Antarctic Peninsula north of P(8. Shading refers tosur-  Of the RACMO grid. For every location, the parameters of
face topography. Outlines of flow catchments larger than 20bkm the regression are estimated through ordinary least-square
according toCook et al.(2014 are shown. Ice thickness mea- fits considering a box of 1& 10 RACMO cells. The total
surements available from all Operation IceBridge campaigns 2002-surface mass balance is conserved withih% of the origi-

2012 are indicated by dots colour-coded to thickness classes. Triamal RACMO data set over the study region.

gles show surface mass balance observatidnmgr et al. 2002. According to mass conservation, ice volume flux along the
Ice shelf margins are drawn according to the SCAR Ar_1tarc'_[ic Digi- glacier can be derived by combining information on local

tal Database version 6.0. Red rectangles refer to detailed figures. surface mass balanéevith the elevation change rasé /3r.

From these variables we calculate an apparent mass balance

. . b (Farinotti et al, 2009 as
A comprehensive data set of annual ice flow speed on ( 9

a 450 m grid for the entire Antarctic Peninsula is provided ~ oh

by Rignot et al.(2011). Surface velocities have been derived b=b-fracmo—p- ETN @)
based on satellite radar interferometry using fall 2007 and ] ) . )

2008 imagery from the Advanced Land Observing SatelliteWith o the ice density andfracmo @ dimensionless fac-
(ALOS) PALSAR sensor. The uncertainty in inferred surface tor accounting for a potential bias in RACMO mass bal-

speed is estimated at 3-10 nT¥rfor the PeninsulaRignot ~ @nces.fracwmo is treated as a calibration parameter. Whereas
etal, 2012). glaciers of the Antarctic Peninsula showed moderately nega-

tive values ofbh /ot before the year 200K(inz et al, 2012,

ice mass loss strongly increased over the last decade for
3  Methods glaciers flowing into the embayment of the former Larsen

A and B Ice Shelves (e.@Berthier et al. 2012. Unfortu-
The basic approach to derive a bedrock data set covering theately, no complete and distributed data set documenting re-
entire Antarctic Peninsula on a fine grid (100 m resolution) iscent surface elevation changes on the peninsula is yet avail-
the constraining of a simple model based on the shallow iceable. Motivated by results of several studi€s&mbos et gl.
approximation for ice dynamics with a variety of observa- 2004 Pritchard et al. 2009 Berthier et al. 2012 Kunz
tional data. We invert local ice thickness from surface topog-et al, 2012, we thus roughly parameterize surface eleva-
raphy, supported by comprehensive data sets of (i) surfacéon changes by prescribing a linear decreasggfr from
mass balance, (ii) point ice thickness and (iii) ice flow ve- 0myr! at an elevation of 700 m a.s.l. toe10 myr ! at the
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Figure 2. (a) Surface mass balance and mass flux along Flask Glacier (sekefBidocation) according to RACMOLEnaerts et al2012).

(b) Surface topography and calculated bedrock (mean of surface elevation bins). The glacier hypsometry is showiich{bbmslated

ice thickness distribution. The spacing of ice surface contours is 100 m. The bedrock elevation corresponding to sea level is indicated by the
solid dashed line.

calving front for glaciers flowing into the Larsen A and B wheregy is the ice flux due to basal sliding, amd= (n +
embayment, and te-1 myr~? for all other glaciers. The ef- 1)/(n +2) = 0.8 is the ratio between average deformational
fect of these poorly constrained assumptions on calculatedlow speed and surface velocity of an ice column (see e.g.
thickness is assessed with sensitivity tests (see &gect. Cuffey and Patersqr2010.

By integratingb from the maximum glacier elevation to Parts of Antarctica are known to be warm-based and ex-
the terminus or the grounding line we obtain ice volume flux hibit significant basal motion (e.gamhb, 200 Joughin
qiot for each glacier (Fig2a). In the case of an invariant po- et al, 2009. Related to comparably maritime climate condi-
sition of the glacier terminus or the grounding line, this alsotions, glaciers on the Antarctic Peninsula can be assumed to
yields frontal ablation (calving, marine melting, flux into ice show considerable basal sliding close to their grounding line
shelf). By applying an integrated form of ti@&len (1959 but no or limited basal melting and englacial temperatures
flow law the ice thicknes&; for every elevation band is of —10 to —15°C in their accumulation areaZdgorodnov

calculated (see aldduss and Farinott2012 as et al, 20129. For the Peninsuldfiorlighem et al.(2013h in-
ferred fractions of basal sliding relative to surface flow speed
hi = n+\2/ﬂ . Lz_ (2)  of between about 50 % and 90 % based on modelling. Rely-
2At  (Fsipgsina;)" ing on these findings, we prescrilfg = 0.5 above the me-

with g4, the deformational component of total ice flux nor- dian glacier elevation, and parameterieas a linear func-

malized by glacier widthw, n = 3 the exponent of the flow fion with altitude increasing tgs| = 0.9 at the calving front

law, g the acceleration of gravity; the elevation band aver- ©Or the grounding line. The impact of these assumptions on

age of surface slope, afid; = w; /(2h; +w;) a valley shape calculated thickness and volume is assessed with sensitivity

factor (Nye, 1965. As & enters the calculation dfs, Eq. @)  tests (Sect). .

is solved iteratively. The flow rate factet; shows a strong Kamb and Echelmeye(&98@r_ecommenq smoothing the

dependence on englacial temperatures @ujfey and Pa- basal shear stress= Fs; pg Sine; over a distance of about

terson 2010, and is used as a second calibration parameter.lo times the local ice thickness to account for the influence
The deformational componen of the total ice fluxg; ~ ©f Iongitudinal stress gradients on ice flow. We smoot-

for each elevation baniis computed by prescribing a frac- cordingly and re-introduce it into Eq2). Convergence for

tion of basal slidingfy relative to surface velocity as h, Fs andr is reached after about five iterations. The proce-
o dure provides mean glacier thickness in 10 m surface eleva-
qd.i = qoti — qb.i = qtot.i - (1_ #) (3) tion bands along a longitudinal glacier profile (Faip).
A—r)- fslit+r
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We then extrapolate calculated mean elevation band thickspeeds, and exclude areas close to sea level as the shallow
ness from the simplified 2-D shape of the glacier (F) ice approximation is not suitable to reproduce flow speeds in
to the 100 m grid by inversely weighting the distance to thethe vicinity of the grounding line.
closest rock outcrop, and including surface slepef each Average misfits close to zero are found for several pa-
grid cell proportional tasina) "/ +2 (based on ER). Lo- rameter combinations when considering OIB thickness data
cal slopes are filtered with a threshalgliof = 1.5° because  or measured ice flow speeds alone (F8). For the two
sina tends to zero for small values. Furthermore, unrealis-observational variables, error fields in the parameter space
tic ice thicknesses larger thammax = W, with z the are however almost perpendicular to each other resulting in
surface elevation according to the DEM apﬁ/the density  a unigue optimal combination gfracmo = 0.71 andAs =
of sea water, are correctedit@ay. We thus assume the entire 0.025 bar3 yr‘l. This combination matches the average ice
glacier to be grounded within the catchment boundary. Thisthickness for all OIB data points as well as the spatially dis-
correction affects 1.8 % of the total area. Gridded ice thick-tributed flow velocity (Fig3).
ness is finally smoothed to remove local noise due to surface The plausibility of the inferred values ofracmo and
roughness. The extrapolation procedure results in a fully dis-As is verified by considering independent data s&se-
tributed estimate of ice thickness for each individual glacierpoorter et al.(2013 estimate annual mass losses in the

catchment (see Fi@c for an example). Larsen C embayment due to calving and marine melting of
o o about 43 Gtyr?! (average over 2003—2009). By summing up
3.2 Model calibration and validation frontal mass fluxes of all contributing glaciers and including

) . RACMO-based accumulation on the shelf (corrected with
To validate model results against observed surface flow ve-,., .\ we find a total flux of 57 Gtyr!, overcompensat-

locities we solve Eq.2) for gq and take the derivative. This  jnq estimated ablation by about one third. Without correct-
yields average flow speed for each glacier elevation band ing the RACMO mass balance fieldi{acmo = 1.0) accu-

ias mulation in the Larsen C embayment would be much higher
2A¢ _ il (79 Gtyr 1), which would result in a strongly positive mass
Ui = (Fsipgsing)"h;™~ +up,, (4)  budget when combined with the mass loss dat®epoorter

et al.(2013. A tendency towards a positive bias of RACMO
with up ; the basal velocity obtained from the prescribed frac- for the Antarctic Peninsula is also indicated by comparison to
tion of basal slidingfs ;. Annual surface motion of each grid the sparse in situ accumulation observations (see compilation
cell is then approximated by redistributing based on local in Turner et al.2002. Due to inconsistencies at the temporal
thickness and slope proportionally tog sine)"h"+1 (based  and spatial scale a direct comparison is however difficult.
on Eq.4). According toCuffey and Paterso(2010, our calibrated

The parametergracmo (EQ. 1) and As (EqQ. 2) are cal-  value for As corresponds to the viscosity of ice at tem-
ibrated to optimally match all point observations of OIB peratures of between5 to —10°C, which is conceivable
ice thickness available for the Antarctic Peninsula, and dis-compared to the direct measurementsZagorodnov et al.
tributed surface flow velocity. Both parameters are poorly (2012. These rather rough considerations do not prove the
constrained a priori and are thus suitable to tune the modelvalidity of the calibrated parameter values but indicate that
Whereas lowering’racmo results in reduced mass turnover they are in a reasonable range, and that our assumptions on
and smaller ice thickness, lower values forlead to stiffer  basal sliding (s, seeMorlighem et al, 20131) are appropri-
ice and increase calculated thickness. Hence, similar resultate.
regarding mean thickness could be achieved with various We compare the average of point-to-point differences of
combinations of the two parameters. It is therefore essentiameasured and calculated ice thicknesses and surface flow
to utilize two independent sets of measured data to determinepeeds for each glacier individually to observations (Bjg.
physically meaningful values fofracmo and As which are  Although this is not a real validation as the bulk data have
assumed to be constant for the whole domain in our case. been used for constraining the model parameters (#ig.

We vary fracmo in the range[0.1, 1.0], and A; within valuable information on the performance of our approach
[0.005,0.075 bar3yr~1 and calculate ice thickness distri- at the spatially distributed scale is provided. The average
bution for each of the 1606 glacier catchments of the Antarc-of point thicknesses for individual glaciers is predicted with
tic Peninsula with 285 combinations of the two parame-a mean relative error of 19% and a root-mean-square er-
ters. Measured and calculated point OIB thicknesses are theror (RMSE) of 102m (Fig.4a). The agreement of calcu-
compared and the mean misfit over all data is evaluatedlated glacier-specific flow speed with observations is rela-
Calculated surface velocity is resampled to the 450 m gridtively poor (mean relative error of 50 %). However, if aver-
of the observations and a point-to-point comparison is per-aged over glacier size classes, mean surface velocities are
formed for catchments- 25 kn? and ice surface elevations well captured (Fig4b). This indicates that our approach re-
> 100m a.s.l. We do not integrate small glaciers into thisproduces the general flow field but shows a lesser perfor-
evaluation due to possible uncertainties in measured flonmance at the local scale.
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As a final step, the corrected ice thickness distributions
of all individual glaciers are combined into a single high-
resolution grid. As the glacier-specific calculations are inde-
pendent from each other, results do not necessarily agree at
ice divides. We therefore apply a moving window that av-
erages ice thickness smoothly for 1 km wide bands along
] the ice divides and corrects local thickness differences. The
1 bedrock topography is then obtained by subtracting calcu-
. lated thickness from the surface DEM. Gridded ice thickness
8 and bedrock are available at 100 m resolution from the Sup-
] plementary Online Material (SOM).

1.0-

e e
o )
\ \

RACMO correction factor (-)
o
>
: ;

4 Uncertainty analysis

The uncertainty in inferred ice thickness distribution and
bedrock topography is composed of several elements. These
L bl are separately assessed and combined in order to provide an
0.02  0.03 0.04 0.05 0.06 estimate of (1) the overall uncertainty in ice volume and sea-
Flow rate factor (bar yr) level equivalent, and (2) the local uncertainty.
Figure 3. Averaged absolute misfit with OIB thickness data in m The two ‘?a"k?ra“on parameters were determined as the op-
(black contours and grey shading) and ice flow velocity in myr ~ timal combination to match OIB thickness and surface flow
(red contours) for different combinations gkacmo and A (see  Vvelocity data (Fig3). To investigate the robustness of the pa-
Egs.1 and?2). The optimal parameter combination is indicated by rameter set to reduced data availability and its validity for
the blue cross. different sub-regions of the Peninsula, we divided the study
area into four sectors separated by the main topographical
] ] ) divide into a western/eastern part, and the circle ¢f $6
Observed and simulated thickness is also compared Iop4tityde into a northern/southern part. We then re-calibrated
cally. T_he RMSE over all OIB point measurements is 255 m'fRACMO and A only using thickness and velocity data from
There is a tendency of the model to overestimate measuregne of the four sectors (NW, NE, SW, SE) with the same ap-
thicknesses ok 500 m and to underestimate it at locations proach as described in Sec3s2and3.3. The so determined
with >1000m of ice (Fig:5). The relative errors decrease parameters are optimal for the respective sector but their per-
with ice thickness. formance is inferior when applied to the entire study area. By
re-calculating the complete bedrock topography with the sec-
torally calibrated parameters we obtained a range of the over-

OIB thickness data represent the best and most direct inall ice volume due to parameter estimation uncertainty and

formation on bedrock elevation. Despite the generally goodthe spatial representativeness of the data used for calibration.

agreement of measured and modelled point thicknesses &25€d on the same procedure, we also included an estima-
the glacier-specific scale (Figa), the model results may 10N uncertainty for (i) basal sliding by varying; (Eq. 3)
deviate by several 100 m from observations for certain O1BPY £ 20 %, and (ii) increasing/decreasing /o (Eq. 1) by
flight lines (Figs.5 and 6a). We thus incorporate the local 2 factor of 2. _ o o
OIB data into the ice thickness distribution given by the cal- The results of_these experiments indicate an uncerta_mty in
ibrated model (Fig2c). FollowingFarinotti et al(2014 the ~ calculated total ice volume af 9.7 %. Parameter combina-
point-based misfit is spatially interpolated for each glacierioNS obtained by calibration solely on the northern (south-
with OIB data using an inverse distance averaging schem&™M) Sectors indicate slightly smaller (bigger) thicknesses.
that results in a 2-D correction field (Figb). This spatial The sen_3|_t|V|ty of ove_rall ice volume on the assumptions on
correction map is then superimposed on the initially mod-Pasal sliding is relatively smalH:(_l.Z%), and thoe depen-
elled thickness distribution. Although this final adjustment d€Nnce on the tested range /1 is minor (0.3 %). The

can only be performed for 15 % of the glaciers, the coveragé“OdeSt impact of assumptions on basal sliding on total vol-

in terms of catchment area is high (71%) as OIB data are'Me iS attributed to the fact that changes/in are partly
available for most of the large glaciers. compensated by the re-calibrated flow rate factpr

For estimating the local uncertainty in calculated ice thick-
ness two approaches are combined. (i) We statistically eval-
uate the skill of the reference result to reproduce point
OIB data based on the optimal parameters. Uncertaihty (

0.2

0.00 0.01

3.3 Incorporating Operation IceBridge data
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Figure 4. Validation of calculated glacier-specifia) mean ice thickness (average over all OIB data points)(ahanean surface flow
velocity against measurements. The mean relative error, the correlation coefffciart the root-mean-square error (RMSE) are given. The
size of the symbols i(a) is proportional to the number of measurements within the glacier catchment. Solid mtinidicate average flow
speeds for glacier size classes.

0-250m
n=105,602

:

250-500m ' 500-1000m 11000-2000m this estimate with values in the rang® 1] being small close
n=168059 | n=146282 |  n=77,831 to OIB measurement locations and maximal at distances of
15km or more from the next thickness sounding. By multi-
100 plying the uncertainty grids from the approaches (i) and (ii),
an error map for the entire study region is created, provid-
T ing information on local ice thickness and bedrock uncer-
tainty in both absolute and relative terms (Ffg.see SOM
for uncertainty map of the entire Antarctic Peninsula). On
average, the local thickness uncertaintyH®5m but val-
T ues for deep troughs with no nearby OIB measurements can
reach4+ 500 m. Fortunately, some direct data are available
for many large glaciers considerably reducing the total un-

certainty (Fig.7).

50

| Underestimation | Overestimation

Relative error (%)

I

50 4

T

Figure 5. Relative model error for classes ofOIB ice thickness 5 Results and discussion

measurements. The solid line shows the median, the box includes

50 % of the data points, and the bars indicate the range between th@ur high-resolution bedr_OCk for the An_tamtic Pen_inS_UIa
10% and the 90 % quantile. reveals complex subglacial structures with deeply incised

troughs and a high ice thickness variability at short spa-

tial scales (Fig8). Despite the steep mountain relief a con-

siderable fraction of the ice is grounded below sea level:
standard deviation) is calculated for 100 m classes of mod- 23300 kn? (24 % of the total) in terms of surface area, and
elled thicknesso is between 46 and 41% of local thick- 12 0004+ 2600 kn? (34 %) in terms of ice volume (TablB.
ness providing a first order uncertainty estimate at an arbiAccording to our data set, the mean ice thickness of the
trary unmeasured location. (i) As we include direct infor- Antarctic Peninsula north of 7G5 is 364+ 35m. For some
mation from OIB data into our final result, the thickness outlet glaciers, thicknesses of more than 1500 m are found
accuracy will be higher in the vicinity of OIB flight lines. (e.g. Crane, Flask, Lurabee, Fij.and the bedrock is partly
Farinotti et al.(2014 accounted for this fact by construct- located up to 1000 m below sea level. This is also supported
ing a distance-dependent uncertainty function, derived fromby OIB data (see Figsa). The total ice volume in the study
resampling experiments of GPR data from Starbuck Glacierarea is 35108 3400 kn¥ (Table1).

Here, we adopt this function in normalized form, assuming it To evaluate the potential sea-level rise contribution of
to be representative for the entire study region. the Antarctic Peninsula we use an ocean surface area of
Whereas approach (i) yields an uncertainty relative to local3.62 x 108 km?. Average glacier density for every grid cell is
ice thickness, approach (ii) provides a correction function forobtained by combining calculated ice thickness with results
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of a firn densification modelL{gtenberg et al.2011) driven
by RACMO at 5.5 km resolution (sdégtenberg 2014 for a
description). Over the glacier volume analysed, a mean den-
sity of 852 kg nm3 is found. For ice grounded above sea level
we calculate the contributing ice mass by using local glacier
densities. For ice grounded below sea level only the mass
between the ice-equivalent surface and the elevation corre-

‘ sponding to flotation level effectively contributes to sea-level
Distance (km) rise (see alséretwell et al, 2013. Floating ice has a small

: positive effect on sea level due to dilution of ocean waters

(Jenkins and Holland®007 which is however not accounted
for here.

The Antarctic Peninsula north of 78 has the potential to
raise global sea level by@59+0.005 m, which is negligible
compared to the entire Antarctic ice sheet (58fetwell
et al, 2013. However, considering the short response time
of glaciers on the Peninsula (eBarrand et al.2013h, it
needs to be taken into account in decadal-scale projections.
Compared to other glacierized mountain ranges around the
globe, the contribution potential of the Antarctic Peninsula is
on a par with Arctic Canada and is significantly higher than
that from e.g. Alaska, the Russian Arctic, Patagonia or High
Mountain Asia Huss and Farinott2012).

The regional distribution of glacier area and volume is
compiled in Tablel. North of 66 S (sectors NW and NE)
the Peninsula is characterized by a large number of glaciers,
smaller average thicknesses and a sea-level rise contribution
potential of 27 % relative to the whole study area. The largest
average ice thickness is found in the southwest dominated by
wide and flat glaciers (Seller/Fleming) that are based below
, sea level over much of their area. Glacier catchments in the

/ - southeast have the largest average size and are still buttressed
b esr8s by the Larsen C Ice Shelf. They exhibit slightly less volume

related to higher average surface slopes.
Figure 6. (a) Observed and calculated bedrock elevation of Flask | comparison to BedmapZF(etwell et al, 2013, our
Glacier (Fig.1) along several OIB flight lines (separated with verti- new pedrock for the Antarctic Peninsula provides a ten times
s e e o st s s cuher resolion and signicantly more detals on he sub
cZIate dpthick?less. surface topography. We capture many features of small-scale
variability that were lost in the 1 km grid of Bedmap?2 such as

Table 1.Number of glacier basins, surface ared, calculated total narrow subglacial troughs or smaller ice thicknesses around

ice volumeV, volume grounded below sea leviél g, and sea-level rock outcrops. . .
equivalent (SLE) for the entire Antarctic Peninsula and sub-regions F"€tWell et al.(2013 state a total sea-level rise potential
west/east of the main topographic divide, and north/south o866~ Of 0.2m for the Peninsula, which is substantially more than
our estimate. Their evaluation is however based on a much
Reg. n A v Voo SLE larger area and is not directly comparable. We compared the
(km?) (103km3) (103kmd) (mm) new high-resolution bedrock data set to Bedmap?2 for the
study region by resampling our thicknesses to a 1 km grid
2 lomd Bion 0i00 wowto o UOPPMONWI e ook maskof Gecens Accoring
SW 387 31883 1B+12 50+05 280+21 ' . -
SE 264 29131 12409 29411 224413 than for Bedmap2. Hence, the difference is beyonq the er-
ror bounds of the present assessment. The larger ice thick-
Tot. 1606 96428 33+34 120+26 688+52 ness might be explained with extrapolation from the sparse
and non-representative ice thickness observations into un-
measured regions in the creation of Bedmap2, and with the
smoothing introduced by the too-coarse grid resolution.
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Figure 7. (a) Absolute, andb) relative ice thickness uncertainty maps for a region around Crane/Starbuck/Flask Glacigy. B18.flight
lines are indicated. Contours (500 m interval) refer to ice thickness.
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Figure 8. Inferred(a) ice thickness distribution anh) bedrock elevation of the Antarctic Peninsula.
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BEDMAP2 This study Difference
. ! Ice thickness (m) EE . :":ze t::;;kni:: (r:l;w - 4 - a2

Ice thickness difference (m)
/1000 -750 500 250 0 250 500

Figure 9. Comparison of BedmapZX(etwell et al, 2013 to the new bedrock data set around Crane/Starbuck/Flask GlacierljFige
thickness according t@) Bedmap2(b) this study, andc) the differencga — b). A profile along A-B—C is shown in Fid.0.

along the glacier and to be different for the maritime north-
ern tip of the Peninsula compared to the more continental
south of the study region. Alsgracmo is assumed to be the
same for every glacier although the bias in the downscaled
RACMO data set is poorly constrained in the spatial domain.
The apparent mass balanedEq. 1) is determined by the
glacier’s current dynamic imbalancéh /ot shows a high
A000E 5 - - - spatio-temporal variability over the Antarctic Peninsula (e.g.
Distance (km) Berthier et al, 2012 and was only crudely approximated. As
the unambiguous calibration of the model was only possible
with reducing the degrees of freedom, the above effects were
not taken into account. The regionally constrained calibra-
tion experiments however indicate that these simplifications
have rather small effects on the final result.
The chosen approach strongly relies on the ice surface
pography and its uncertainties, particularly regarding sur-
ce slope. According t&Cook et al.(2012 the ASTER-
based 100 m resolution DEM has an uncertainty-&f5 m.
Sensitivity tests for individual glaciers showed that perturb-
ing the DEM with the stated uncertainty has a relatively
gmall effect on calculated total ice volume (less than 3 % de-
pending on the chosen glacier). Simplifications of the three-

most completely missing (Fig8b and10). Furthermore, the dimensional geometry to the 2-D shape used for calculating

- ’ : . - semi-distributed ice thicknesses (see Fllg) have the po-
new bedrock map indicates systematically higher ice thick-_ .. . o L .
tential to introduce additional uncertainties in particular re-

ness in the interior of the Peninsula. Local differences be- rding branched glacier systems. However, quantifying the

twe_en.t'h € d"’.‘ta sets can reach 1000 m and show a high Spat'gfiect of this factor inherent to our approach was not possi-
variability (Figs.9c and10). ble

A number of factors that were not included in the uncer- . . . .
| . . The inferred ice thicknesses and bedrock elevations
tainty assessment (Sedj. as their effect on calculated ice ST
strongly depend on uncertainties in OIB data. In fact, we

thickness is difficult to quantify, hamper the reliability of our : .
hiah-resolution bedrock man 1o a certain dearee. The modeﬁnake the rather strong assumption that all thickness measure-
9 b gree. ents are accurate, i.e. that the bedrock reflector has been

Esr%r:eiteerstgrso?s;%r\?ve:ntoSb Zggr ﬁgb?ﬁlter(jtzeeenrg;;e Sot:i erectly detected and that the uncertainties in converting
gion, 1.€. y SP y aep 90N avel times of the electromagnetic waves into thicknesses

geographic location or local climate. This is, of course, an re small. Direct comparison of OIB thickness with ground-

important simplification. For example, ice temperat_ur(_as, ar]({;lased GPR on Starbuck Glacier indicates good agreement of
thus the flow rate factors, are likely to show variations

Surface
BEDMAP2
This study

1500

Crane Gl.

1000

500

C_[ Starbuck Gl.

Elevation (m a.s.l.)

-500

Figure 10. Comparison of bedrock elevation according to
Bedmap?2 and this study along the profile A-B—C (see ®ig.

A detailed comparison of Bedmap2 with the new data
set in a region characterized by several large outlet glacier o
demonstrates the considerable differences at the local scafg
(Fig. 9). Bedmap?2 correctly indicates the location of the
biggest subglacial valleys as they are relatively wide (3—
5km) and covered by at least some OIB data (B&). How-
ever, their maximum depth is often strongly underestimated
and smaller troughs, such as Starbuck Glacier with observe
thicknesses of up to 1000 nirdrinotti et al, 2014, are al-

The Cryosphere, 8, 12613273 2014 www.the-cryosphere.net/8/1261/2014/



M. Huss and D. Farinotti: A high-resolution bedrock map for the Antarctic Peninsula 1271

the two independent measurement approaches. Median anit Peninsula has the potential of raising global sea level by
maximal deviations are contained within 3.7 % and 11.7 %69+ 5 mm. In comparison to Bedmap2 we find significantly
of the local ice thickness, corresponding to 27 m and 45 mhigher mean ice thicknesses 48 %). This systematic dif-
respectively, indicating that OIB also captures the bottomference is attributed to the higher resolution of our new data
of deep glacial troughsHarinotti et al, 2014. In the case  set better rendering the shape of glacial troughs, and to the
of an unfavourable alignment of the profiles (e.g. along nar-approach used to calculate thickness in regions not covered
row subglacial valleys), a systematic underestimation due tavith direct measurements.
reflections from valley side-walls however seems possible. The bedrock data set derived in the present study might
Given the large number of measurements used we assuntee useful for calculating the future response of glaciers
that random errors cancel out each other and only affect ouof the Antarctic Peninsula using ice dynamic models and,
bedrock map locally. hence, to better understand the processes triggering their
As the calculated ice thickness locally disagrees with di-rapid changes. This may offer new possibilities for studying
rect observations based on OIB (Fig). we apply a cor- cryospheric glacier contribution to sea-level rise.
rection grid to tie our final bedrock map to the measure-
ments (Fig.6b). Although this procedure might locally vi-
olate mass conservation according to our simple modellingthe Supplement related to this article is available online
approach, we argue that forcing the final solution to fit all di- at doi:10.5194/tc-8-1261-2014-supplement
rect measurements is more suitable than forcing the solution
to obey mass conservation calculated through one particu-
If'” model. Potential f%m”e improvements of t_he bedrock €S Acknowledgementsive thank A. Cook for the high-resolution
timate for the Antarctic Peninsula might be directed towardspgp and the glacier catchments. Operation IceBridge is ac-
more strictly enforcing mass conservation and including spaknowledged for their many thickness measurements being one
tially distributed surface velocity data as an immediate con-of the backbones of this study. RACMO surface mass balance
straint into the ice thickness determination (seegNabb  data were provided by J. Lenaerts, P. Kuipers-Munneke and
et al, 2012 Morlighem et al, 2014). M. R. van den Broeke. Firn density estimates were produced
by S. R. M. Ligtenberg, and surface velocity data by E. Rignot.
H. F. J. Corr, G. H. Gudmundsson and E. C. King from the
British Antarctic Survey made unpublished ice thickness data
for Flask Glacier available to us. Digital glacier outcrops and ice

. . helf margins were retrieved from the SCAR Antarctic Digital
In this study, we further developed and applied a methOdEatabase. M. Funk provided helpful comments on an earlier ver-

to infer the complete bedrock topography of the Antarc- sion of the manuscript. Constructive reviews by M. Morlighem and

tic Peninsula north of 705 with a resolution of 100m  an anonymous reviewer contributed to the final version of the paper.
100 m. Our approach allows including all available infor-

mation provided by various spatially distributed data sets inEdited by: E. Larour
order to compute thickness distribution of each individual

glacier of the Peninsula. Using downscaled RACMO sur-

face mass balances we determined mass fluxes along eafteferences

gLaSCL:(ra‘r: 32‘:};”{;’?%22;:‘ EIT(;irl]JSI?g (;E?aiféo;lz)(:l:mc?rﬂ:?cekrlnsdsAllen’ C.: IceBridge MCoRDS L2 Ice Thickness, National Snow
b int thick g f - " and Ice Data Center, Boulder, Colorado, availablétp://nsidc.
500000 point thickness measurements from Operation Ice- org/data/irmcr2.htm{last access: 12 February 2014), 2013.

Bridge were used to calibrate, validate and locally adjust thegamper, J. L., Griggs, J. A., Hurkmans, R. T. W. L.,

modelled thickness distribution. Furthermore, we used grid- powdeswell, J. A., Gogineni, S. P., Howat, ., Mouginot, J.,

ded ice surface velocities for the entire study region to con- Paden, J., Palmer, S., Rignot, E., and Steinhage, D.: A new bed

strain our result. The combination of these observational data elevation dataset for Greenland, The Cryosphere, 7, 499-510,

with considerations of ice flow dynamics allows us to extrap-  doi:10.5194/tc-7-499-2012013.

olate to unmeasured catchments based on physical relationBarrand, N. E., Vaughan, D. G., Steiner, N., Tedesco, M., Kuipers

This is a significant advantage compared to direct extrapo- Munneke, P., Broeke, M. R., and Hosking, J. S.: Trends in

lation approaches and makes it possible to increase spatial ?”tamt'cd Pen!nsulla ﬁurfétlce mgltllpg C(jndc!;tlonsh frorrlle Obsérv?r;
: . I0NS and regional climate modeling, J. eo S. ReS.-eartn,

resolution by one order of magnitude. 118, 315—338, dolO.1029/2012JF00%559013br.) ’

Our new data set depicts the subglacial topography W|thB

detail v incised I d d th arrand, N. E., Hindmarsh, R. C. A., Arthern, R. J., Williams, C. R.,
great detail. Deeply incised valleys are captured and the Mouginot, J., Scheuchl, B., Rignot, E., Ligtenberg, S. R. M.,

rugged topography can be resolved. One third of the total 4 den Broeke, M. R., Edwards, T. L., Cook, A. J., and Si-
vqumg_ is grounded_ below sea Ieve_l reinforcing the high vul-  monsen, S. B.: Computing the volume response of the Antarctic
nerability of the region to changes in the system such as the Peninsula ice sheet to warming scenarios to 2200, J. Glaciol., 59,
break-up of ice shelves. According to our results, the Antarc- 397-409, doit0.3189/2013J0G12J138013a.

6 Conclusions
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