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Abstract. Variations in intrinsic bed conditions that affect whereC is a basal sliding coefficient that depends on intrin-
basal sliding, such as the distribution of deformable sedi-sic bed properties such as small-scale roughnessNaisd
ment versus hard bedrock, are important boundary conditionghe effective pressure, i.e., ice overburden not supported by
for large-scale ice-sheet models, but are hard to observe anghsal water pressure (Cuffey and Paterson, 2010). In models
remain largely uncertain below the modern Greenland andvithout an explicit hydrologic component, basal temperature
Antarctic ice sheets. Here a very simple model-based methot often used as a surrogate:

is described for deducing the modern spatial distribution of

basal sliding coefficients. The model is run forward in time, ub = C(x, y) f (Tb) 7, (2)

and the basal sliding coefficient at each grid point is peri-

odically increased or decreased depending on whether th@hereTy is the homologous basal temperature (relative to
local ice surface elevation is too high or too low comparedthe pressure melt point), anfl is zero for7, below some

to observed in areas of unfrozen bed. The method considthreshold, usually a few degrees to tenths of a degree C be-
erably reduces large-scale errors in Antarctic ice elevation/ow freezing, ramping up to 1 at the melt point (e.g., Pattyn,
from several 100s to several 10s of meters in most regions2010). In many large-scale models the same simple forms are
Remaining ice elevation errors over mountain ranges suctflSo used for basal motion over deformable sediment, repre-
as the Transantarctics are further improved by parameterizS€nting shearing within the sediment itself which is usually
ing the possible effect of sub-grid topography in the basalnot modeled explicitly (cf. Howell and Siegert, 2000; Pollard
sliding law, representing sliding in deep valleys. Results are2nd DeConto, 2003, 2007; Oerlemans and Nick, 2006). Val-

compared with modern velocity data, and various sensitivityUes ofC(x, y) used in large-scale models to represent hard
tests are described in Appendices. rock vs. deformable sediment vary by many orders of mag-

nitude, roughly 1019 to 10-°ma1 Pa 2 for n = 2. In this
paper we use essentially Eq. (2) with a weakly non-linear
dependence om, (n = 2). Other types of sliding laws are
discussed briefly below.

The large-scale distributions of sediment vs. hard bed

) o ] ) ] _represented byC(x, y), and hydrology represented [#
One major uncertainty in modeling continental ice sheets isy. n gre probably the major sources of error in simula-

the distribution of bed properties that determine the rate ofions of modern grounded Antarctic ice. Relevant data are
sliding at the ice—bed interface. Basal sliding over hard bed%parse and/or indirect (e.g., Drewry, 1976: Studinger et al.
is commonly described by a law relating sliding veloaity 2001; Tulaczyk et al., 1998; Peters et al., 2006; Bingham

1 Introduction

to the basal shear stregs such as and Siegert, 2009; Ferraccioli et al., 2009; Bell et al., 2011;
Young et al., 2011). In comparison, other major factors are
up=C(x,y)N 9, (1) (i) better constrained by observations or experiments, such
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as surface and bed topography, surface velocity, mass bal- The inverse method does not depend on the exact form of
ance, internal core temperature profiles and ice rheology, othe sliding law, and in principle is applicable to any smoothly
(i) arguably have lesser effects on ice geometry, such awarying relation betweenp and z,,, perhaps even to multi-
non-uniform or anisotropic ice rheology, basal mass balanceyalued and bounded-drag forms (Schoof, 2005; Gagliardini
geothermal heat flux, and neglect of longitudinal stresses iret al., 2007; Pimentel et al., 2010), as long as intrinsic bed
Shallow Ice Approximation (SIA) models, at least on large quantities can be adjusted to increase or decrgg$er any
scales. Although Heberler et al. (2008) found climate vari- given t, and hydrologic conditions. This is not the case for
ations and other parameters to be as important as sliding iplastic rheology, withr, bounded by a given yield stress and
modeling Fennoscandian ice-sheet geometry, their assumetb sliding for smallerz, (e.g., Bueler and Brown, 2009),
range of sliding parameters was quite small compared tavhich is not amenable to this inverse method.
the potential sediment vs. hard-bed range. Our assertion is The method also does not depend on model details outside
supported by Briggs et al’s (2011) ensemble modeling ofof the sliding law, but the model does need to be run long
Antarctica, who found persistent errors that could not be re-enough for the procedure to converge, on the order of at least
duced by adjusting model parameters wittx, y) excluded.  40000yr for continental Antarctica (see Sect. 6). In prin-
Whitehouse et al. (2012) found a similar strong sensitivity ciple it would be preferable to use a high-resolution model
to basal sliding parameters in simulating the last Antarcticwith full-Stokes or higher-order dynamics to fully capture
deglaciation. ice streaming regions and grounding-line zones, but that is
Most previous paleoclimatic continental ice-sheet modelscurrently infeasible for 40 000 yr time scales. Here, we use a
have widespread~ 100s of m) errors in modern Antarc- coarse-grid model with a simpler hybrid treatment of longitu-
tic surface elevations, with regional errors of 500 m or moredinal stresses, which allows long-term simulations while still
(e.g., Ritz et al., 2001; Philippon et al., 2006; Pollard and De-producing reasonable streaming flow and grounding-line mi-
Conto, 2009; Martin et al., 2011; Whitehouse et al., 2012). Ingration (Pollard and DeConto, 2007, 2009, 2012; henceforth
this paper we take the view that: PDO7, PD09, PD12).

1. Such large errors are likely to undermine paleoclimatic
and future modeling applications, and it is important to
reduce them considerably. For instance, simulations o
past and future stability of the West Antarctic Ice Sheet

(WAIS) could be seriously astray if modern ice thick- o nymper of previous studies have attempted to deduce
nesses in its major drainage basins are in error by 500 554 stresses or sliding coefficients under modern ice sheets
ormore. and glaciers, pioneered by MacAyeal (1992, 1993) and
2. Much of these errors are due to erroneous prescriptiorfdapted for instance by Vieli and Payne (2003) and Joughin
of intrinsic bed properties;' (x, y), and not so muchto €t al. (2904). Those studies were apphe.d to limited re-
errors in the other basal-sliding terms, i.e., basal tem.9ions using the Shelfy Stream Approximation (SSA) equa-

peratures or hydrologyf(Tb) or N) in Egs. (1) or (2). t?ons appropriate for stretching flow, and relatively sophis-
ticated control methods to rigorously account for the non-

In support of the latter point, we note that a number of large-local nature of the dynamics. Recent approaches using
scale Antarctic models agree approximately on the locationsimilar variational or adjoint methods have been applied
of basal freezing vs. melting areas, given the same geotheto the Pine Island/Thwaites Glacier areas (Joughin et al.,

f2 Previous inverse modeling, contrast with current
method

mal heat flux map (e.g., Pattyn, 2010, PD12). 2009; Morlighem et al., 2010) and to continental Antarc-
This paper describes a simple procedure to minimize ertica (M. Morlighem, personal communication, 2012). Also,
rors in modern ice surface elevation by adjustifig, y). Price et al. (2011) applied a simpler method to Greenland,

The resultingC (x, y) is mainly a model-derived estimate of and Le Brocq et al. (2009) linked a similar method with a
the actual sediment vs. hard-rock distribution below Antarc-basal hydrology model for West Antarctica. All these stud-
tica. The procedure tacitly assumes that all errors are dugées are based on fitting modeled ice velocities to observed
to unknown bed properties, and ignores any canceling errorsurface or balance velocities, with ice thicknesses and ele-
due to imperfect basal temperatures and other model shortsations prescribed to modern observed. Other recent inverse
comings. As ice models improve in the future and better ob-methods (Arthern and Gudmunsson, 2010; Raymond Pra-
servations of bed properties become available, canceling etong and Gudmundsson, 2011; Jay-Allemand et al., 2011)
rors will hopefully be detectable, and model-derivet, y) are also based primarily on fitting modeled to observed ice
maps can be validated. For now, we suggest that the risk ofelocities.
canceling errors is the lesser of two evils, worth taking in  Here, a much cruder algorithm is used, fitting to surface
order to eliminateD (500 m) errors in modern surface eleva- elevations, not velocities. The ice-sheet model is run for-
tion. ward in time, and the basal sliding coefficiatitis period-
ically adjusted at each point according to the local elevation
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error (ignoring the fact that the dynamical equations are nontion and temperature (ALBMAP, Le Brocq et al., 2010; with
local). This is continued iteratively until the model surface el- accumulation from van de Berg et al., 2006). Simple lapse-
evations converge to the best fit with those observed. It guarrate corrections are made for elevation differences from mod-
antees that the model will produce realistic modern ice thick-ern, and a basic positive degree-day scheme is used for melt
nesses and elevations in subsequent runs @ith y) pre- (PD12). The bedrock model is as in PDO7 and PD09, with
scribed from the inversion procedure. The procedure makefocal asthenospheric relaxation towards isostacy, and non-
the implicit assumption that modern Antarctic elevations andlocal lithospheric elastic deformation; the ice-free equilib-
temperatures are close to equilibrium with modern climate,rium bed topography is derived from modern observed (Le
i.e., unequilibrated glacial isostatic adjustments remainingBrocq et al., 2010), isostatically rebounded with all ice re-
from the last deglaciation are small. Given that assumptionrmoved. A simple two-value pattern of geothermal heat flux
and others, in principle the method should yield the same reis prescribed with 54.6 mW nf under East Antarctica and
sults as the other velocity-fitting methods above, because 070 mW nT2 under West Antarctica. This seems preferable
the close relationship between balance velocities, ice thickio choosing one or another of available geothermal datasets
nesses and surface mass balance (see Sects. 7, 8 and Afhapiro and Ritzwoller, 2004; Fox Maule et al., 2005) which
pendix E). differ considerably from each other on regional scales; as
Section 3 outlines the model formulation, and Sect. 4 de-noted in Appendix F, inverse results are insensitive to the
scribes the inversion procedure #6(x, y) and presents ba- choice of dataset.
sic results. Section 5 improves results over mountain ranges Changes to the model physics since PD09 include a new
using a modified sliding law that depends on sub-grid topo-parameterization of oceanic melting below floating ice, a
graphic relief. The rate of convergence of the inversion pro-calving scheme, and sub-grid fractional area at the edges of
cedure is considered in Sect. 6, and in Sect. 7 model surfacioating ice shelves. Other changes include a wider basal tem-
velocities are tested against a recent modern dataset (Rignperature ramp from no sliding to full sliding-@ to 0°C here,
et al., 2011). The concluding Sect. 8 qualitatively comparescompared to—0.5 to 0°C in PD09), and linear rather than
our C(x, y) results with earlier inverse studies, and discussedog-linear weighting of the no-sliding and full-sliding coeffi-
future directions. Appendices A to G present various top-cients. That is, in this paper

ics including sensitivities to modern bedrock topography and |
other uncertain model inputs. C' =A—-r)Cioz+rC(x,y), (39)

whereas in PD09
3 Model outline C'=CHLC(x, y)". (3b)

The ice-sheet/shelf model used here is an updated versiolf! POth cases, the weightings given by
of that in PDO7 an(_j I_3D09. As dgscribed there, the ice dy-. _ max{0, min[L, (Tb — Ty)/(—T})]] 4)
namics are a heuristic combination of the scaled SIA and
SSA equations for shearing and longitudinal stretching flow,with the ramp-width temperaturg = —3 °C in this paper,
respectively. A parameterization relating ice velocity acrossand—0.5°C in PD09.
the grounding line to local ice thickness (Schoof, 2007) is Here, Tj, is the basal homologous temperatug®,is the
imposed as an internal boundary-layer condition, so thaeffective sliding coefficient used in the dynamics(x, y)
grounding-line migration is simulated accurately without the is the sliding coefficient foff,, = 0°C, adjusted in the in-
need for very high{ 100 m) resolution (Schoof, 2007; Glad- version procedure, anfo, = 107 2°ma 1 Pa2 (which is
stone et al., 2010; Pattyn et al., 2012). A polar stereographiesmall enough to prevent any discernible sliding but is not
grid is used, with relatively coarse 40-km grid resolution that exactly zero to avoid divide-by-zero exceptions in the nu-
permits the numerous long runs needed for this paper; sommerics). It is unclear whether algebraic (Eg. 3a) or geomet-
tests at 20km and 10km are included in Appendix C andric (Eg. 3b) weighting ofCfo, VS. C(x,y), or something
show that the results are essentially unchanged at the highén between, is most realistic, and depends on how subgrid
resolutions, including in ice stream areas. There are 10 unvariations in basal stress are propagated upwards into the
evenly spaced vertical layers, with standard treatments of icenean flow (Gudmunsson, 2003; Hindmarsh et al., 2006).
temperature advection and vertical diffusion. The model isEquation (3a) favors more sliding compared to Eg. (3b), and
non-polythermal and has no explicit basal hydrology. Timeslightly improves results in the current model compared to
steps range from 0.5 to 2yr depending on resolution. AllPDO9.
changes to the model since PD09 are described in PD12; For many of the inverse runs in this paper, we are only
changes that are particularly relevant for this paper are outeoncerned with grounded ice. Unless otherwise noted below,
lined here. (i) grounding lines are constrained to modern observed lo-
Surface mass balance is computed from observationallyations, and (ii) ice fluxes across grounding lines and float-
based datasets of modern climatological Antarctic precipitaing ice-shelf thicknesses are still predicted by the model,
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but a very crude “inversion” scheme is used for floating ice, two-valued C inverse method
whereby the sub-ice oceanic melt rate is adjusted locally at i 3
intervals so as to maintain floating thicknesses close to ob-
served (similar to MacAyeal and Thomas, 1986; Joughin and
Padman, 2003). This is not the focus of the paper, and is just 4h
an expedient to maintain realistic floating ice shelves while

we concentrate on grounded ice.
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4 Inversion procedure and basic results

4.1 Inversion procedure Cc(x.y)

The inversion procedure is very simple. The model (with
grounding lines and floating ice constrained as described Hi:};::m;:;:"‘
above) is run forward in time, starting from modern observed
bed and ice surface elevations. As described in Sect. 3, the
model is forced by constant observed climatology (Le Brocq
etal., 2010), with lapse-rate corrections for changing surface
elevations. Basal sliding coefficien€(x, y) are initialized

to the simple two-valued pattern shown in Fig. 1b (results do
not depend on the initial' (x, y)). At intervals of Az, years,

at each grid point with grounded ice, the local basal sliding
coefficientC (x, y) in EqQ. (3a) is adjusted by a multiplicative Fig. 1. Non-inverse (left) vs. basic inverse (right) results. Top
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factor: row: model minus observed surface ice elevation, meters. Middle
row: basal sliding coefficientS (x, y), logio(m a1 Pa~2). Bottom

Chew(x,y) = C(x, y)10°7 (5) row: homologous basal temperaturBs (relative to pressure melt

where Az = ma{—1.5, min[1.5, (hs — hgbs)/hmv]] point), °C. Left column(a—c} using prescribed two-valu€(x, y)

according to whether rebounded ice-free bed elevations are above
where#s is the current ice surface e|evatidfgb5 is that ob-  or below sea level. Right colun{d—f): using basic inverse method.
served, and;jny, is a scaling constant.

During the inversion procedure, basal temperature is still
allowed to influence sliding (Egs. 3a and 4). Adjustments tosion procedure. For most results in this paper, we used
C(x,y) in Eq. (5) are only performed for non-frozen points Afjn, =5000 yr andhjn, =500 m, and the runs all converged
with T, > —3°C, andC(x, y) is constrained to not fall be- to essentially invariant states after200000 to 400000
low 10~ 19ma 1 Pa?, representing hard rough bedrock. (If years (see animations in Supplement). We later experimented
Egs. 3a and 4 are ignored addx, y) is allowed to fall to  with other choices ofAfn, and kiny, and found that spin-
much smaller values mimicking freezing, then results be-up times can be reduced considerably~t@0 000 yr (see
come seriously degraded in subsequent non-inverse runs &ect. 6).
shown in Appendix A). Adjusted’(x, y) values are also not
allowed to exceed 1®ma 1 Pa?, representing the slip- 4.2 Basic results
periest deformable sediment.

These minimum and maximum limits of 16 and 10°° Basic results of the inversion procedure applied to continen-
for C(x, y) are themselves quite tightly constrained by modeltal Antarctica are shown in Fig. 1. For purposes of com-
behavior. With a higher minimum, e.g., 19 basal flow is  parison, the first column of panels in Fig. 1a—c shows non-
too fast in many regions and the modeled East Antarcticinverse results with a very simple two-value prescription of
Ice Sheet becomes generally too thin; much lower values obasal coefficients, i.e., a hard-rock value where ice-free iso-
~ 10712 are presumably unrealistic because they imply al-statically rebounded modern bed elevations are above sea
most no basal sliding even for the largest With a lower  level, and a deformable-sediment value where they are below
maximum, e.g., 10°, ice elevations in the Siple Coast re- (Studinger et al., 2001; PD09; cf. Whitehouse et al., 2012).
gion become too high with insufficient sliding in streams; if Here, these values are10~° and 3x 10 8ma 1 Pa?, re-

10* is used, the model is numerically unstable. spectively, which produce more or less the smallest overall

In Eq. (5), the interval between adjustments,, the scal-  surface elevation errors, but much the same results are ob-
ing constanthi,,, and the adjustment-factor limits (16°  tained with other pairs such as 18 and 10°°. As shown
to 104, i.e., ~.03 to 30) are chosen to avoid overshoots in Fig. 1a, the departures from modern ice surface elevations
and produce reasonably efficient convergence of the inverare large, 500 m to 1000 m in places, and are typical of those
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Table 1. Mean absolute surface elevation error (model minus ob- 1200 . . . . ;
served|Ahsg|, m) for nearly all simulations in the paper. Averages oo - [ twovaliedC
are taken over grounded ice. b ) inverse E
b 900 [/ inverse +s.a. E
S s 3
Model Figure Mean o 0L 3
|Ahs| (M) S ek E
o 3
two-valuedC la 235 5 e ' E
inverse 1d, 3a, B1lg 72 ‘g 400 £ ‘ 3
inverse + s.a. 3d, Cia, Flb, 45 g sog | | 3
F2b, F3a 200 - ii il 3
prescribedC from inverse+ s.a., full model  3g 55 100 iiiii.....nllllll IIIIII 3
InVEI'S(.?, nCTb eﬁe(?t Ala 23 OOJ 1 T 10 100 ) 1000 10000
prescribed” from inverse, ndj, effect Ald 191
inverse,E = 0.1 Bla 119 [Ahg| (m)
inverse,E = 0.5 Bld 81
inverse,E =1 Blg 72 Fig. 2. Histograms of the magnitude of surface ice elevation errors
inverse,E =2 B1j 87 |Ahs| (M) vs. number of grid cells over all grounded ice. Elevation
inverse,E = 4 Blm 135 error bins are in equal increments of jgg Ahs|). Red: using two-
inverse,E =8 Blp 202 valued basal sliding coefficient distribution as in Fig. 1a. Green:
inverse +s.a., 20km c1d 42 using inverse method as in Fig. 1d. Blue: using inverse method with
inverse +s.a., Shapiro and Ritzwoller GHF ~ Fle 48 . o T
inverse +s.a., Fox Maule et al. GHF Fli 44  Sub-grid topographic influence as in Fig. 3d.
inverse +s.a., Arthern et al. accumulation F2e 51
inverse +s.a., bed elev. noise, 200m  F3d 59
inverse +s.a., bed elev. noise, st#00m  F3h 98 valueT; = —3°C used above is replaced by

Ty = —3—500maxSA—.02, 0] —.05maxhy '~ 1700 0] (6)

ip previous large-scale long-term Antarctic modeling men- . here SA is the mean sub-grid slope amplitude computed
tioned above. , _ _ by averaging the bed slopes in the 5-km ALBMAP dataset
Results with thg inversion procedure are shown in the SeClLle Brocq et al., 2010) within each model grid bdbgq is

ond column of Fig. 1d-f. Surface elevation errors are gen+ye jce_free isostatically rebounded (and 9-point smoothed)
erally much smaller compared to Fig. 1a. The improvement, o gjevation on the coarse model grid, discussed below. SA
|s_shown quantltanvely by histograms of error rr_lagmtu_des iNwas also used by Marshall et al. (1996) in another context.
Fig. _2’ which cluster around a mode Qf_zo mwith the in- — \hitehouse et al. (2012) apply a similar increase in sliding
version procedure compared-+o300 m W',th the two-valu.ed coefficient over mountainous terrain, for much the same rea-
C. Similarly, Table 1 shows mean elevation error magnitudesg o
for most experiments in this paper. For .the various inversion g js tyically~ .02 or less in plains, ane .03 to .05 or
runs that are bona fide modern simulations, they range fron?nore in mountain ranges whefecan typically be~ —15°C
421to 72m, compared to 235m for the two-valued or colder. However, around the Gamburtsevs and also the ex-

treme southern Transantarcties 120 to 180 W), SA seems

to be anomalously low, presumably due to the sparcity of
5 Inversion results with sub-grid topographic influence ~ BEDMAP data lines (Lythe et al., 2001). Hence, the second

term in Eq. (6) uses the grid-scale eIevatioj’? as a surro-
Although surface elevations produced by the inversion aregate.hﬁq is less than 1700 m nearly everywhere except over
generally within a few 10s of m of observed, they are still too those two regions, where it is typicalty 2000 m or more;
high by several hundred meters over most of the Transantarcso again,T; can typically be~ —15°C or colder. The use of
tics and some other mountain ranges (Fig. 1d). There thézsq is based only on the assumption that very high regions
model’s basal temperatures are uniformly frozen, and the inalso have high sub-grid variability; future improvements in
version procedure cannot compensate for the hindrance ttopographic coverage will probably allow just the first term
cross-range flow (cf. Kerr and Huybrechts, 1999). To somein Eq. (6) to be used (Bo et al., 2009; Bell et al., 2011; Young
extent, frozen basal temperatures are expected over mountaét al., 2011).
ranges because the thinner ice provides relatively little insu- Using Eqg. (6), results with the inversion procedure are im-
lation from cold surface temperatures (Pattyn, 2010). How-proved (Fig. 3d—f; second column). Now, more basal sliding
ever, there may still be significant basal sliding in deep andover mountain ranges occurs despite frozen basal tempera-
warmer valleys not resolved by the coarse grids used heraures, reducing too-high surface errors. Remaining elevation
We attempt to parameterize this sub-grid process by modifyerrors in Fig. 3d are mostly 50 m, except in a few small
ing the width of the basal-temperature raffin Eq. (4) as  patches over mountains.
a function of sub-grid topographic variations. The constant
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inverse method inverse method + s.a.  prescribed C + s.a., full model
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Fig. 3. Improved results with sub-grid basal topographic influence on sliding. Top row: model minus observed surface ice elevation, meters.
Middle row: basal sliding coefficientS(x, y), log;g(m a1pa2). Bottom row: homologous basal temperatufgs®C. Left column(a—c)

using basic inverse method, same as in Fig. 1d—f. Middle col(dnf): using inverse method with sub-grid topographic influence (s.a.).
Right column(g—i): non-inverse run using prescrib&ix, y) from (e) with sub-grid topographic influence, and freely varying grounding

lines and ice sheets.

As noted above, an important feature of the inversion pro-evation errors. However, overall the unconstrained model,
cedure is that if the resulting (x, y) distribution is pre-  with prescribed basal sliding coefficier@$x, y) from the in-
scribed in a subsequent non-inverse run with nothing elsererse method with sub-grid topographic influence, produces
changed in the model, the results including surface elevationa modern ice distribution very close to observed.
remain unchanged; for instance, with the modified sliding de-
pendence in Eqg. (6) and prescrib€dx, y) from Fig. 3e, the
results would be exactly as in Fig. 3d and f.

In all simulations to this point, the focus has been on

replicating modern Antarctic grounded ice, so groundingAII of the inverse runs described above uSgn, =5000yr

lines have been fixed at their present positions, and ﬂoat(interval between adjustments) arigh, =500m (scaling
v=

ing ce thicknesses have peen ar t|f|c_|ally constrained to re'Constant) in Eq. (5), and converge to a nearly invariant state
main close to observed. Fig. 3g—i (third column) shows that

hen th traint laxed and th lote | after about 200 000 to 400 000 yr. Some slow, small regional-
when these constraints are refaxed an € COMpIEte IC& ale variations (few 10s of m in ice elevation, few 10 000s
sheet—shelf model is integrated forward to equilibrium with

. . . . . of yr timescale) continue indefinitely, but with very small ef-
C(x, y) prescribed from Fig. 3e (i.e., a non-inverse run with fects on the deduced(x, y) patterns. Two animations of a
free grounding lines and shelves, and all other physics an pical inversion run aré provided as Supplement, showing
forcing as above), there is only a little degradation of ice el'model-minus-observed surface elevations an@U@Q(;c )
evations, and modern errors remain less tha0 m nearly ’

N . every 5000 yr through the 400 000-yr integration.
everywhere. The Ronne grounding line recedes slightly too Spin-up times of- 200 000 yr are feasible with our current

much in the interior WeddeII. embayment, causing neg.ativehybrid model, but would be a serious impediment for more
ice elevation errors there (Fig. 3g); also, the model fails tOCPU-intensive higher-order and full-Stokes models. We have

simulate the George VI Sound anql ice shelf bgtween Al_exan'experimented with other choices offj,, and iy to see if
der Island and the western Peninsula, causing positive el

spin-up times can be reduced. The result shown in Fig. 4 are

6 Convergence rate
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encouraging; for instance, witht,, = 500 andzj,y, = 1000, 300 . T T T T T T
convergence of the mean elevation error takes on the order o o, by,
40 000yr, a~ 5-fold speedup. All the runs shown in Fig. 4 250 70000 500 -

! 5000 500
1 —— 1000 500
\- —— 500 1000

asymptote to very nearly the sani&x, y) distribution by t
the time that the mean elevation error dropst60 m. o
Reasonable choices affi,, range from a few hundred to
a few thousand years, which allow ice elevations to change =
appreciably between iterations but are not too large to cause §
overshoots. Reasonable choiceggf are~50m to 500 m, =
producing substantial changesdrix, y) for elevation-error
sizes of interest. We have not found any combinations
of Atiny and hiny that produce shorter spin-up times than 0 ) . , ) . , ,
40000 yr, or much different curves than those in Fig. 4. 0 50000 100000 150000 200000 250000 300000 350000 400000
Time (years)

n |Ahg| (m)

150 \i -

7 Comparison with observed velocities Fig. 4. Time series of mean absolute surface elevation error (model
vs. observedAhs|, m) in inverse runs with sub-grid topographic
As discussed in Sect. 2, in contrast to previous inverse modinfluence, for various combinations affj,, (time interval between
eling, the current method is based on fitting to observed iceadjustments, yr) andin, (scaling constant, m) in Eq. (5).
elevations, not velocities. Nevertheless, our surface velocities
should agree with those observed, given a number of condi-
tions: 8 Summary and discussion
1. the modern surface mass balance dataset used here is
realistic, A simple inverse method of adjusting basal sliding coef-
ficients to minimize modern ice surface elevation errors
2. model errors in basal mass balance (melting, refreezinglgq. 5) drastically reduces these errors in our continental-
are negligible, scale Antarctic model. Unlike the more sophisticated con-
trol or adjoint methods used in previous inverse studies, the
method is local and ignores the spatial connectivity of ice

4. the model’s split between surface and depth-average vedynamics. With basal temperatures included in the sliding
locities is correct, and parameterization during the inversion procedure, realistic ice

elevations are maintained in subsequent non-inverse simula-
5. both model and real modern Antarctic ice sheets aretions with prescribed sliding coefficients.

close to equilibrium (Appendix E). To further reduce small patches of surface elevation errors

. - . (~100s of m) over mountain ranges such as the Transantarc-
A new all-Antarctic dataset of surface velocities (Rignot et ;. : -
tics, the influence of basal temperature on sliding had to be

al,, 2011) provides the opportunity to test this, as shown in odified to include sub-grid topographic variations (Eg. 6).

Fig. 5 w_here the dataset (_900-m spacmg), has been_regno(;\‘/ithout this, frozen basal temperatures hinder sliding too
ded by simple area-averaging to the model’s 20-km grid (see

Appendix C for other results at this resolution). Quantitative much across major mountam ranges, causing Ioc.al ice to
. o ! be too thick. This parameterization of basal flow in deep
comparison is hindered by the fine scale and sharp gradi-

. syb-grid valleys may be tested in future work by higher-
ents of many features in the dataset such as numerous outlé .
: . resolution models (cf. Egholm et al., 2011).
glaciers around the coast, many of which are barely resolved Clearly there is a danaer of canceling errors. i.e.. the de-
by the model and may be slightly displaced to one side or the y 9 9 S

other. Model speeds in the flanks around most coastlines ar%uced sliding coefficient’(x, y) may not be real, but in-

generally too fast, both in outlet glaciers and in the sIowerSteaId might be compensating for errors in the model physics

flows between them. The model's marginal ice thicknesses °thef mput datgsets. Odr(x, y) _proba_bly do represent_
: . a combination of (i) model errors, (ii) omitted physical vari-
are generally close to observed (Fig. C1d), so the discrep- : N
ﬁables affecting sliding, such as overburden pressure or hydro-

or too much internal deformation compared to sliding. The b.g'.c regime, and (”.') allintrinsic bed properties that affect
sliding, not just sediment vs. hard rock but also small-scale

biggest single velocity error in Fig. 5¢ is due to the Kamb Ice h he f . bl hi
Stream (Ice Stream C) on the Siple Coast, which stagnatecrjoug NESS. In t M uture it may become pO.SSIb € to sort this
' out with better (higher-order, higher-resolution) models and

about 150yr ago (Hulbe and Fahnestock, 2007) but in the . .
. . . - new improved datasets, and achieve convergence between
model is flowing at velocities comparable to the other active

. models and data on real Antarctic bed conditions. For now,
Ross ice streams. . .
we suggest that the danger of canceling errors is preferable to

3. the model ice thicknesses are correct,
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(@) Dbeerved (rogribded 0 20 Kf (o) Model @0kmy [ Thwaites (TG) and Pine Island Glacier (PIG) areas. Com-
R VN FZZ paring their maps with our highest-resolutiai(x, y) pat-
Py tern in Fig. C1h, the overall agreement is sporadic at best,
- ﬁ e although there are some zeroth-order points of agreement:
e (i) upstream of the PIG grounding line, there is a few 10s of

iz km strip with higher basal stress and lowgwalues, then a

~ 100-km-long broadening zone with low stresses and high
: C values; (ii)~ 100 to 200 km upstream (southward) from
mat the TG grounding line, there are transverse strips of alternat-
ing high/low stresses and high/lafvalues, similar to more
numerous strips in Joughin et al. (2009).

Directions for future work include combining the basal in-
verse method with statistical ensemble techniques involving
other model parameters (Hebeler et al., 2008; Stone et al.,
2010; Applegate et al., 2012; Briggs et al. 2011; Tarasov et
al. 2012); this could test our assertion that basal properties
are one of the largest sources of uncertainty in ice-sheet mod-

2.0

15

10

05

0.2

0.0

-0.2

logyq (m &), model

-0.5
-1.0

15

/ -2.0
A10g,q(m at)

n .ogm'(maﬂ,;mdg ' eling. The inverse method could also be combined with basal
hydrologic modeling following Le Brocq et al. (2009). The
Fig. 5. (a) Observed surface ice velocities (Rignot et al., 2011), av- assumption of modern quasi-equilibrium, especially for in-
eraged here to 20-km model cells, m'a (b) Model surface ice  ternal and basal temperatures, can be tested by integrating
velocities, ma?, using inverse method with sub-grid topographic through the last few 10000s of yr (although we have pre-

effect, 20-km resolution (as in Fig. C1d—{r) Model minus ob-
served velocities, logy(m a1), i.e., 1001 o(vmodel/ Vobserved. Very
slow velocities are ignored, i.e., ifnodel OF VopservediS l€ss than

viously found that modern ice thicknesses and grounding-
line locations are much the same in modern equilibrated vs.
2mal itis reset to 2mal for this plot. (d) Scatter plot of ob- transient runs, not shown).. Whitehouse et al. (2012) have re-
served vs. model velocities, lpg{m a~1), for each 20-km grid cell cently developed a deglacial model of Antgrchca from _20 ka
with grounded ice. The same figure appears in PD12. to the present, and performed an extensive exploration of
model parameter space, constraining or comparing to much
of the available data on ice extents, thicknesses and eleva-
tions over this period. Analogously to here, they manually
using ice models with very large-¢~ 500 m) elevation biases adjusted basal sliding coefficients in some regions. Perhaps
to study important problems such as past and future stabilitythe automated inversion procedure could be combined with
of WAIS. transient deglacial simulations, which would allow basal
Some first steps in checking for canceling errors are takersliding coefficients to be adjusted on the continental shelves,
in appendices. Appendix B establishes rough bounds on thand could include other constraints such as relative sea level
internal-flow enhancement factdf, outside of which the records (Bassett et al., 2007; Briggs et al., 2011), modern
basal inversion cannot maintain a realistic ice distribution.uplift rates (lvins and James, 2005; Thomas et al., 2011),
Appendix F tests the sensitivity to uncertainties in some pre-and adjustments to equilibrium bed topography (Gomez et
scribed input fields — geothermal heat flux, surface accumual., 2010; Raymond Pralong and Gudmundsson, 2011).
lation, and unloaded bedrock — and finds that the deduced This paper only addresses the modern distribution of
distribution of basal sliding coefficientS(x, y) is robust on  Antarctic sediment vs. bedrock under current grounded
large scales. ice, which has largely been shaped by erosion, transport
In principle our results can be compared with previous in-and deposition by glaciers and ice sheets over the last
verse studies using relatively sophisticated control or adjoint~ 34 millionyr (Jamieson and Sugden, 2008). If sediment
methods mentioned in Sect. 2. Although these studies fittedlistribution and bed properties can realistically be deduced
to observed velocities as opposed to surface elevations, thie modern ice-sheet simulations, that will help in develop-
resulting basal maps should be similar due to the interdeing coupled ice-sheet—sediment—bedrock models (Jamieson
pendence of equilibrium velocities, ice thicknesses and suret al., 2010) aimed at the long-term landscape evolution of
face mass balance. Published Antarctic studies have targeteshtarctica.
limited regions at higher resolution, rather than continental
Antarctica as in this study. Also, most have deduced basal
stresses or used different sliding laws than ours, so compar-
isons with our basal coefficient maps can only be qualita-
tive. Joughin et al. (2009; their Figs. 5a, 6a) and Morlighem
et al. (2010; their Fig. 2a—c) deduced basal stresses in the
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Appendix A
Inversion without basal temperature influence

In Sect. 4.1 we emphasized that the inversion procedurt
needs to account for the effect of basal temperature on slid
ing, i.e., Egs. (3a) and (4) should be applied during the in-
verse run, as they are in non-inverse model simulations. i
this is not done, very small elevation errors can be achievet
in the inversion procedure, but results become seriously de
graded in subsequent non-inverse runs. This caveat is illus
trated here.

Figure Ala—c shows results with Egs. (3a) and (4)
turned off during the inverse procedure, i.e., withset
to 1 in Eq. (3a) (and without sub-grid topographic influ-
ence). Adjusted’ (x, y) values are allowed to fall far below
10 %ma1Pa?to 1020, which renders basal sliding in-
significant even for the highest shear stresses so that the ir
version procedure effectively predicts its own “frozen” areas.
Surface elevation errors fall to very small values during the
inversion procedure<{ 50 m almost everywhere in Fig. Ala,
mean of 23 m in Table 1), even without sub-grid topographic
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influence.

The deducedC(x,y) map (Fig. Alb) has deformable- Fig. Al. Poor results using inverse method with no basal-
sediment values (10) in streaming ice regions such as the temperature effect on sliding. Top row: model minus observed sur-
Siple coast and other marginal outlet channels, as expectedace ice elevation, meters. Middle row: basal sliding coefficients
C(x,y) values less than about ¥, shown as purple in  C(x.y), logio(ma ! Pa 2). Bottom row: homologous basal tem-
Fig. Alb, allow essentially no basal motion and imply that Peratureslp, °C. Left column(a—c} using basic inverse method
the bed should be frozen there. Note that the Transantarctic&© Sub-grid topographic influence) and with no effect of basal tem-
and most of the Dronning Maud Land mountains do not have?€"aturé’p on sliding. Right columr(d—): non-inverse run using
these low values, and have high sediment-like values in somgrescnbem(x’ v), nearest-neighbor filled frorb).
channels, i.e., the inversion procedure requires that ice slides

easily over these mountain ranges (cf. Sect. 5). , frozen regions of the inversion procedure (purple patches in
The purple regions in Fig. Alb can be compared with the i - a1p), perhaps by including new hydrologic processes
frozen-bed areas in Fig. A10{ < —3°C) predicted by the  ggj| et al,, 2011). Although that might turn out to be a use-
model thermodynamics. Although similar on the broadests,| f,tyre direction, we note that the basal temperataig (
scales, there are substantial regional differences, in partic”'%atterns cannot be made consistent with Fig. Alb by “easy”
over the Transantarctics which have quite high sliding Coeﬁi'changes such as alternate geothermal heat flux maps (PD12)
cients in Fig. Alb but frozen basal temperatures in Fig. A1C.anq gifferent parameterizations of ice conductivity and spe-
One can anticipate that surface elevation errors will worsen.iic heat (not shown). Furthermore, the modefgds much
in these regioqs if the modgl isrunin non-'inverse mode Withiha same in all cases here (bottom panels of most figures),
C(x,y) prescribed from Fig. Alb, and witli, allowed 10 504 mostly agrees on large scales with several other models

influence sliding in Eq. (4). _ (e.g., Pattyn, 2010) — frozen on buried mountain ranges and
The second column of Fig. A1d-f shows just that. The de-g|q_flowing marginal flanks where thinner ice provides lit-

duced basal coefficient map in Fig. Alb is first filled by re- ye jnsylation from the cold surface, and melting elsewhere,

: 10 i :
placmgopatches of’ < 10" with nearest-neighbor values  gqpecially in fast-flowing streams and focused outlet chan-
> 1077 The resultingC (x, y) map (Fig. Ale) is prescribed  o|5 Hence, we have not attempted to tdie and have

in & non-inverse run in which basal sliding is influenced by 54onted the alternate inverse strategy described in the main
basal temperaturg, (Eqs. 3a and 4). As expected, errors in paper with basal temperatures affecting sliding.

ice surface elevations in Fig. Ald are much worse than in
Fig. Ala. For instance, over the Transantarctics the model
predicts a frozen base and no sliding, and ice surface eleva-
tions are~ 500 m or more too high.

To improve matters, one strategy would be to attempt to
tune the model's thermodynamics to replicate the implied
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E=0.1 E=0.5 E =1 (best) E=2 E=4 E=8

Fig. B1. Crude bounding of enhancement factor for internal fl@&jy. (Top row: model minus observed surface ice elevation, meters. Middle
row: basal sliding coefficient§ (x, y), logio(m a1 Pa2). Bottom row: homologous basal temperatufgs°C. Each column shows results
using basic inverse method (no sub-grid topographic influence) for a different value of the internal-flow enhancemedntraatpng from
E=0.1t0E =8.

Appendix B observed surface velocities in divide regions where inter-
nal deformation is expected to dominate ice motion. As
Bounding of enhancement coefficient they discuss, most internal deformation occurs near the

base in ice within a fewC of the melt point. Their de-
As noted above, one concern with any inverse procedure foduced creep parameter value 0k40-25s1Pa 3 agrees
basal conditions is the possibility of canceling errors in otherwell with ours, which forE =1 and homologous temper-
parts of the model or input fields. One example is potentialature of —5°C (mentioned in their Supporting Material) is
errors in the internal deformation flow. Here we attempt t014.6x 102°s~1 pa3 (PD12).
show this is not the case, at least to zeroth order, by perform- One could conceivably attempt to further refine the
ing a tuning exercise to crudely constrain the internal-flowmodel’s internal flow physics, perhaps with spatially vary-
enhancement factdt. (This factor multiplies all strain rates ing E or anisotropic rheology (e.g., Wang and Warner, 1999;
du/dz in Glen’s law within the SIA dynamics. Enhancement Graversen et al., 2011), but these refinements would likely
factors are commonly used to improve large-scale geometriebe beyond the scope of the present approach. As discussed in
in ice-sheet models; e.g., Ritz et al., 2001). the introduction, one assumption of this paper is that large-
Each column of panels in Fig. B1 shows results for a givenscale ice elevation errors caused by deficiencies in internal
E, from E =0.1to E =8. With smallerE (0.1to 0.5, first  flow are minor compared to those caused by unrealistic bed
two columns), there is very little internal flow, and the inver- sliding.
sion procedure attempts to compensate by assigning higher
values ofC (x, y) everywhere — but it cannot where the bed
is frozen, so ice elevations in some regions become too highAppendix C
The third column withE = 1 gives the best overall results
(same as in Fig. 1d-f). For larger values bf(2 to 8, last  Model resolution
three columns), there is too much internal flow, often ex-
ceeding the balance velocities implied by the surface mas3o better compare with earlier studies, and also to test for
balance. The inversion procedure cannot completely comgrid-size dependence within our model, Fig. C1 shows re-
pensate even by setting(x, y) to the smallest (hard rock, sults at somewhat higher resolutions of 20 and 10 km. Com-
10-19) value, and surface elevations are generally much togared with the corresponding 40-km results in Fig. 3d—f,
low. We conclude thaf = 1 is the most realistic internal- some finer details emerge, but the large-scale pattern of basal
flow enhancement factor for this model, and have used thatoefficients and the amplitude of surface elevation errors re-
value for all other simulations in this paper. main essentially the same at the higher resolutions. This is
Rignot et al. (2011) performed a similar estimate of the true even for ice streaming regions such as the Siple coast,
deformational factor for modern Antarctica by fitting to where 40-km resolution is not expected to resolve individual
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40 km 20 km 10 km nested

Ah

Cix.y)

-10.0
-20.0

l0gqo(m a’ Pa?)

Fig. C1. Inverse results at different model resolutions. Top row: model minus observed surface ice elevation, meters. Middle row: basal
sliding coefficientsC (x, y), logio(m a1Pa2). Bottom row: homologous basal temperatuiigs °C. Left column(a—c): using inverse

method with sub-grid topographic influence, 40-km resolution (as in Fig. 3d—f). Middle caldnij as(a—c), except 20-km resolution.

Right column(g—i): as(a—c), except limited-domain nested run at 10-km resolution, with lateral boundary conditions from corresponding
20-km run(d-f).

ice streams. The proto-streaming in the 40-km grid requires
the same sliding coefficients as in the finer grids to produce
the same regional ice thicknesses. This insensitivity to model
resolution is reassuring, but may simply be due to intrinsic
limitations of inverse methods to resolve smaller-scale basal
sliding features (Gudmundsson and Raymond, 2008).

Appendix D

Model bed elevation errors

-20

In all simulations above, the bedrock component of the ice
model is used, with non-local lithospheric deflection and lo-
cal asthenospheric relaxation (PD09, PD12). That raises the
possibility that bed elevations may have departed from mod- S
ern observed values, and the inversion procedure could have N | . iors
erroneously compensated for biases in the bedrock model.

Fortunately, in all simulations with the inverse method, bed Fig. D1. Model minus observed modern bed elevations, meters, us-
elevations remain very close to those observed, with differ-ng i_nverse_met_hod with sub-grid topographic influence, 20-km res-
ences generally less than20 m. As illustrated in Fig. D1, ©lution (asin Fig. C1d-f).

larger errors occur only in two isolated regions, northwest-

ernmost Marie Byrd Land and northernmost Victoria Land,

where the bed is- 20 to 30 m too low; this is likely caused

-30

-40

-50
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by isostatic depression under too thick ice over local moun-
tains (same run shown in Fig. C1d—f). It seems likely that
such small bedrock errors have had a very minor effect or/[{
the inverse results presented above. We tested this explicitl
in one case, repeating the inverse run in Fig. C1d—f excep
with bedrock physics switched off so that bed elevations re-
main exactly at modern values. The results for surface ele |~
vations, basal coefficients and temperatures were essential . y
unchanged (not shown). Note, however, that bed elevation er-— | s
rors of this order might be significant for other purposes, for @ 0k

instance in comparing with relative sea level records. Also,| .~ "
note that the closeness of the agreement with observed mot| 4
ern bed elevations is somewhat fortuitous, because the modi| %
has not taken transient residuals from the last deglaciatiot|-
into account (see Appendix E).

(a)’"ﬂﬂ‘hs;

°c ./ o °c

Appendix E

B ) Fig. E1. Equilibrated vs. transient model simulations at O {&).

Equilibrated versus transient modern state Difference in ice surface elevations (meters) between an equili-
brated run with invariant modern forcing minus a snapshot at O ka

In the inverse procedure, the model is forced with invariantfrom a transient run through the last 80 kyrs. Both runs are non-
modern climate, but its ice surface results are compared witlnverse, using prescribed inverse-derived basal coefficgatsy)
modern observations. Any unequilibrated glacial isostatic ad<{Fig. 3e) and freely varying grounding lines and ice shelves as in
justments (GIA) remaining from the last deglaciation are notFig. 3g-i.(b) As (a), except difference in bed elevatior(s) Ho-
accounted for in the model, and are implicitly assumed tomologous basal temperaturgQ) for transient run at 0kgd) As
be small. This mainly concerns ice mass inertia, lagged iso{C). xcept for equilibrated run.
static bed response, and ice temperatures through their ef-

fept on rh_eology and shdmg. In futu_re work we plan to com- pue to isostatic relaxation), at least in East Antarctica. There
bine the inverse method with transient runs through the IasIS verv little chande in the frozen vs. melting pattern of basal
deglaciation, comparing in depth with relevant data (Sect. 8; y 9 ' gp

) S temperatures (Fig. E1c—d).
cf. Briggs etal., 2011; Whitehouse etal., 2012). For now, we We plan to assess all these effects as part of further tran-

can estimate the magnitude of this bias in the current results. . S
. ) . . Sient modeling of the last deglaciation (Sect. 8). Here, we
by comparing the model’s equilibrated modern state with that : o ) .
. . . ote that the differences in ice surface elevations (Fig. E1a)

at the end of a transient simulation through the last several

10000s of yr. Results are shown in Fig. E1, where the tran-are on the order of 20 to 50 m in most areas. These are on the

. . i : same order as the residual large-scale elevation errors vs. ob-
sient simulation was run from 80 ka to the present, with pale- : ;
N N : served achieved by the inverse method, and are much smaller
oclimatic air temperatures, precipitation, oceanic melt rate

Shan the many 100s of m elevation biases with sindple,
H H H H bl y)
and sea level parameterized as in PD12 (similarly to I:’Dog)'distributions (Fig. 1a). Therefore, when the inversion method

As shown in '.:'g' Ela, equilibrated s_urface elevations ONis extended in future work to properly account for transient
the East Antarctic central plateau are higherbg0 to 50 m . )
than those in the transient run at 0 ka, presumably due to in?ﬁeCtS’ we anticipate that the deduagdr, y) patterns will

. » presumably change only slightly in order to adjust for the elevation differ-
creasing snowfall rates over the last deglaciation. Converselyénces in Fig. E1a, and the overallx, y) results presented

surface elevations fall in many regions closer to the EaStabove will remain very much the same
Antarctic coast, generally coinciding with high bedrock to- '

pography and frozen basal temperatures. This may be due

to continued warming of internal ice temperatures, lower iceAppendix F

viscosities and greater SIA shear flow. The marked increase

in elevations over the Siple Coast is due to the model groundsensitivities to geothermal heat flux, surface

ing line advancing slightly in the equilibrated run from its accumulation, and bed topography

location at Oka in the transient run (seen in Fig. E1c vs. d),

due to continuing bedrock rebound after the last deglaciaUncertainties in prescribed input fields are another potential
tion which causes grounding-line depths to shoal slightly.source of canceling errors obscured by the inverse procedure.
Changes in bed elevations (Fig. E1b) generally mirror theAlthough this cannot be ruled out definitively here, we can at
ice surface changes (smaller, with opposite sign, as expectel@ast test the sensitivity of the deduc€dyx, y) to changes
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Fig. F1. Inverse runs with sub-grid topographic influence, and various prescribed geothermal heat flux (GHF) distributions. Top row: GHF,
mW m—2. Second row: model minus observed surface ice elevation, meters. Third row: basal sliding coefficientslogyg(m a1 Pa2).

Bottom row: ratio ofC(x, y) to that in(c), i.e., log1o(C/Cpanel(c)- Left column(a—c) with simple 2-valued GHF, default for this paper.
Middle column(d—g): with Shapiro and Ritzwoller (2004) GHF. Right colurt-k): with Fox Maule et al. (2005) GHF.

in the inputs. The following 3 tests suggest that the deducedegional and large scales, the patterns of deduced basal slid-
C(x,y) pattern is actually quite robust, with most regional- ing coefficients are largely unaffected by the choice of GHF
scale features insensitive to reasonable levels of uncertaintglistribution (Fig. F1, bottom two rows).
in the input fields. Another uncertain input field is modern annual snow ac-
The distribution of geothermal heat flux (GHF) under cumulation. The two datasets used here differ significantly
continental Antarctica is particularly uncertain. Commonly around the ice-sheet margins (Fig. F2a and d). However,
used datasets differ substantially from each other, and influagain, the resulting distributions 6f(x, y) from the inverse
ence modeled basal temperatures on regional scales (Pattyprocedure are very much the same. The only noticeable dif-
2010). Figure F1 shows the results of the inverse proceduréerence is in small patches in the East Antarctic Wilkes Land
using 3 different GHF distributions. Although these distribu- interior (Fig. F2g), compensating for slightly higher snow ac-
tions cause significant regional differences in ice thicknessesumulation there in Arthern et al. (2006) compared to van de
and basal temperatures in non-inverse runs with this modeBerg et al. (2006).
(PD12), the inversion procedure accommodates the differ- Modern bedrock topography (LeBrocq et al., 2010) is used
ences by quite small adjustments in the dedu€eéd y) dis- to calculate ice-free rebounded elevations, an input to the
tribution. With the low GHF values of Shapiro and Ritzwoller bed module of the ice-sheet model (PD12). In some regions,
(2004) in the East Antarctic interio€; (x, y) values increase this topography is uncertain due to the sparsity of data lines
slightly in scattered areas, allowing more sliding to compen-(Lythe et al., 2001). Erroneous bed elevations could directly
sate for more basal freezing (Fig. F1g). However, on mostaffect balance velocities, driving stresses, and potentially our
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Fig. F2. Inverse runs with sub-grid topographic influence, and two different prescribed surface accumulation distributions. Top row: annual
surface accumulation, ma ice equivalent. Second row: model minus observed surface ice elevation, meters. Third row: basal sliding
coefficientsC (x, y), logyg(m a1 Pa~2). Bottom row: ratio ofC(x, y) to that in(c), i.e., logo(C/ Cpanel(c)- Left column(a—c) with van de

Berg et al. (2006) accumulation, default for this paper. Right col(amg): with Arthern et al. (2006) accumulation.

deducedC (x, y) values. We crudely test this here by adding (Fig. F3g—j, third column) does begin to cause significant
random Gaussian noise to the modern bedrock dataset, sintarge-scale changes ifi(x, y), for instance over the Gam-
ilarly to the random noise tests in Joughin et al. (2004). Theburtsev Mountains. We conclude that the larger-s€dle y)
noise is smoothed at small scales, retaining scales of 20@atterns are robust to bed topographic errors up to a few hun-
km or larger. With a root-mean-square noise amplitude ofdred meters, and would be changed only by widespread er-
~200m (Fig. F3c, second column), the effects on the de+ors of~400 m or more.

ducedC(x, y) are limited to a few local areas such as the

Siple Coast, and the large-scale patterns are scarcely affected

(Fig. F3e and f). Increasing the noise amplitude~td00 m
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no perturbation + bedrock noise + bedrock noise

unloaded
bedrock
elevation

Ah

Cixy)

-9.0
=-10.0
-20.0

logyo{m a’! Pa?)

C/Cy

Fig. F3. Inverse runs with sub-grid topographic influence and Gaussian noise added to unloaded bedrock topography. Top row: added noise,
m, smoothed to eliminate scale200 km. Second row: model minus observed surface ice elevation, meters. Third row: basal sliding coeffi-
cientsC(x, y), logio(m a1 Pa2). Bottom row: ratio ofC(x, y) to that in(b), i.e., 10g10(C/ Cpanel(b)- Left column(a—b): no noise added.

Middle column(c—f): with root-mean-square noise amplitude =199 m. Right col(gri): with root-mean-square noise amplitude =414 m.

Appendix G ing the inverse method with sub-grid topographic influence,
in a nested domain with 10-km resolution.
Recovery Glacier Basin topography As might be expected, the deeper topography requires

slower sliding velocities to compensate for the thicker ice
Recently Le Brocq et al. (2008) suggested, based on ob(Fig. G2d and h), which is accomplished by the inversion
served ice surface curvatures, that much of the bed in therocedure deducing somewnhat less deformable sediment in
catchment of Recovery Glacier (a major system flowing intothe deeper Recovery and Slessor Glacier channels (Fig. G2b
the Filchner Ice Shelf) may be much deeper than previ-and f). The surface elevation errors are generally slightly less
ously thought, up te~ 1500 m below sea level and layered with the “standard” topography, although both have errors of
with deformable sediments (Fig. G1). LeBrocq et al. (2011) several hundred meters (of opposite sign) on the ridge be-
found that the deeper topography improved modern surfacéween Slessor and Recovery Glaciers (Fig. G2a and e). Some
elevations and velocities in their regional ice-sheet simula-of the elevation errors coincide with patches of frozen vs.
tions (their Fig. 3). By applying the inversion procedure with melting bed (Fig. G2¢ and g), suggesting that the model’s
both the standard and deeper topographies (both availablgermodynamics and parameterized effects of basal tempera-
in ALBMAP, Le Brocq et al., 2010), we can test if one or ture and sliding might be at fault; however, much the same
the other is more viable from the point of view of inverse- results are obtained with the inverse method that ignores
fitting to ice surface elevations. Figure G2 shows results us-
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Fig. G1. (a)Modern bed elevations, meters (ALBMAP, Le Brocq et al., 2010), averaged here to 10-km modé€byéis(a), except with
deeper topography in the Recovery Glacier basin area, meters (LeBrocq et al., 2008(@Q@i€erence of(b) minus(a).

standard topog. deep Recovery Basin

Ah

-1000
meters

-5.0

Cix.y)

Observed
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Fig. G2.Results with standard (left) vs. deeper (right) bed topography in the Recovery Glacier basin. Top row: model minus observed surface
ice elevation, meters. Second row: basal sliding coeffici€nts y), logig(m a1 Pa2). Third row: homologous basal temperatufgs°C.

Bottom row: surface ice velocity, ma. Left column (a—d): using inverse method with sub-grid topographic influence, limited-domain
nested run at 10-km resolution with lateral boundary conditions from corresponding continental run. Middle @sthinas (a—d), except

using alternate bed topography with deeper elevations in Recovery Glacier drainage basin (Le Brocq et al., 2008). Rigti}:cudsemred

surface ice velocity (Rignot et al., 2011), averaged here to 10-km model celislma
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