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Abstract. We present a dynamic equilibrium simulation ment of future sea-level rise for the 21st century and be-
of the ice sheet-shelf system on Antarctica with the Pots-yond. While the direct effect of oceanic warming and re-
dam Parallel Ice Sheet Model (PISM-PIK). The simulation lated thermal expansion are captured with some uncertainty
is initialized with present-day conditions for bed topogra- by state-of-the-art climate models, modeling studies for fast
phy and ice thickness and then run to steady state with conprocesses in land ice continue to be sparse. Observations,
stant present-day surface mass balance. Surface temperaewever, support the importance of modeling these ice flow
ture and sub-shelf basal melt distribution are parameterizedprocesses. On the Antarctic Peninsula, for example, an ac-
Grounding lines and calving fronts are free to evolve, andceleration of ice flow across the grounding line has been ob-
their modeled equilibrium state is compared to observationakerved in response to ice-shelf disintegration (€gtchard
data. A physically-motivated calving law based on horizon- et al, 2009 Rott et al, 2011). The fastice flow regimes in the

tal spreading rates allows for realistic calving fronts for var- vicinity of the grounding line as well as ice-shelf dynamics
ious types of shelves. Steady-state dynamics including sureonstitute two of the largest challenges in ice sheet modeling.

face velocity and ice flux are analyzed for whole Antarctica  Here we present a simulation for the Antarctic sheet-shelf

and the Ronne-Filchner and Ross ice shelf areas in particusystem with the Potsdam Parallel Ice Sheet Model (PISM-

and shelves, and the transition zone between them, are cagmnsition zone between grounded and floating ice.

tured reasonably well, supporting the approach of superpo-
sition of SIA and SSA for the representation of fast motion
of grounded ice. This approach also leads to a natural eme
gence of sliding-dominated flow in stream-like features in
this new 3-D marine ice sheet model.

Our modeling approach is based on the Shallow Ice Ap-
|}:_)roximation (SIA) and the Shallow Shelf Approximation
(SSA) which make use of the fact that ice thickness is
small compared to relevant horizontal scales and reduce
the full Stokes problem by scaling the equations with the
small depth-to-width ratio of ice sheets. There are sev-
eral models combining the stress balance from the SIA for
1 Introduction grounded ice with the SSA for ice shelves in simulations of
the Antarctic Sheet-Shelf system (e.dduybrechts 199Q
One of the most severe shortcomings of the Fourth Assesd-ulbe and MacAyeal1999 Ritz et al, 2001, Pollard and
ment Report (AR4) of the Intergovernmental Panel on Cli- Decontq 2009. Based on the Parallel Ice Sheet Model
mate Change (IPCC) was the lack of a process-based assef!SM, Bueler and Brown 2009, the Potsdam Parallel
Ice Sheet Model (PISM-PIK) introduced additional compo-
nents which are necessary to simulate Antarctic ice flow,

Correspondence toA. Levermann in particular ice shelf dynamica\iinkelmann et al.2011).
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margin, a parameterization for subgrid-scale motion of ice-the boundary as ice which is at pressure melting tempera-

shelf calving-frontsAlbrecht et al,2011) and a new calving-  ture. Hence the pressure-melting temperafigrgis applied

rate law which is presented lrevermann et al(2011). as a Dirichlet boundary condition to the conservation of en-
In this paper we first describe the set-up for a dynamicergy equation:

equilibrium simulation for Antarctica in Sec2. Section3

presents the performance of PISM-PIK under present-daﬁmz27315Jr Pcczp @)

_cqndltlons n this s_lmulatlon a_nd summarizes anql dl_scus_se%ith zp as the elevation (generally negative) of the base of the
it in comparison with observations. A conclusion is given in

Sect4 ice shelf and with Clausius-Clapeyron gradigaic. Con-

o cerning the basal melting and refreezing a warm and saline
ocean is the determining factor: a mass flukkom shelf to
ocean

For our dynamic equilibrium simulation the following model Onea (Lin) 3

setup is used: the model domain is discretized on 301  whereL; is the latent heat capacity of ice apflice den-
horizontal grid with 19.98 km spacing. The vertical grid has sity, is computed from a heat flu®@nea: This heat flux is
51 levels within a domain extending 5000 m above the beddetermined followingdeckmann and Goos$2003 using a
elevation. The vertical spacing ranges from 26.5m in thevirtual temperaturd, which is the freezing temperature of
lowest layer to 173.5m spacing at the surface of the thick-ocean water at the depth below the ice shelf
est ice. The temperature is stored on this unequally-spaced
grid, but the equation of conservation of energy is solved ont = 27315+ 0.0939—0.057S5+7.64x 10~z (4)
a vertical grid with uniform spacing of 26 m. A thin bedrock
layer of 265 m with 26.5 m spacing was used, following the
reasons given iBueler and Browr{2009.
The input fields for topography and initial ice thickness are
regridded from the present-day ALBMAP v1 data(Brocq
et al, 2010 available on theseaRISE2011) project web-
site. These data update the earlier BEDMARtKe et al,
2001). Surface mass balance is adopted frégam de Berg
et al. (2006, and geothermal flux is based on the model of Oheat=
Shapiro amd Ritzwolle€2004. Throughout the equilibrium
simulation surface mass balance, geothermal flux and bed tawith p, density of ocean water and,, specific heat ca-
pography are held fixed. Notation for this paper is in Ta- pacity of the ocean mixed layer. For the present simula-
ble Al. tion T, is set to a constant value efl.7°C (see Tablé1l),
Similar to Huybrechts(1993 and Pollard and Deconto based on the NCEP reanalysis value for the Ross Ice Shelf
(2009, the surface temperature field is parameterized agiven inBeckmann and Goos$2003. Hereyr is the ther-

2 Model setup for the dynamic equilibrium simulation

Here S, is the salinity of the ocean with a value of 35 psu.
The transition from the base of the shelf with a salinity close
to zero Qerter et al.1992 to the ocean water of full salinity
occurs in the oceanic mixed layer which we cannot resolve
in our approach. The resulting heat flux between ocean and
ice, representing the melting effect of the ocean through both
temperature and salt, is computed from

PoC po VT Fmelt(To — T¢) , (%)

a function of latitude and surface elevation: mal exchange velocity anfimer @ model parameter. While
we adopt a value of =10~* (Holland and Jenkinsl999
Ts=27315+30—0.0075: — 0.6878 9P| (1) Hellmer and Olbers1989 the tuning process showed that

the introduction of the model paramet@gei, with a value of
with latitude|®| in ° S; temperature is given in Kelvin. This  F,.;=5x 103 was necessary in order to match the present
parameterization reproduces the observed temperatures f@osition of the grounding line especially in West Antarctica.
the present-day surface elevatidDofnisq 2000 Van den  This results in a low magnitude of the melt rate shown in
Broeke 2008, particularly on the ice shelves. Fig. 1. The spatial pattern of subshelf melt rates however
This surface temperature field serves as a Dirichlet boundédepends on the shelf bottom temperature which is closely re-
ary condition to the equation of conservation of energy (Eq. 3lated to the shelf thickness, which is supportedegkmann
in Winkelmann et al.2011) which governs thermodynamics and Goossé2003.
within the ice body. This has not changed compared to PISM  As detailed inwWinkelmann et al(2011), Sect. 2.2, ice ve-
and is described in detail Bueler and Browrf2009; Bueler  locities are calculated in PISM-PIK as the sum of the SIA
et al.(2007). velocities and the SSA velocities with basal resistance that
At the base of the ice shelf we provide boundary condi-are computed everywhere in the grounded ice. In fact, for
tions both for the temperature field as well as a sink/sourcegrounded ice the SSA velocity is interpreted as the basal
term for the mass continuity equation (Eqg. MMfinkelmann  sliding velocityv, (Bueler and Brown2009. This provides
et al, 2017 which incorporates basal melting and refreez- a smooth transition both from non-sliding ice which is frozen
ing. For the temperature evolution within the ice we defineto the bedrock (with negligibly smail,) to faster flowing ice
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(a) basal melt rate (rh/a /

3e-2

Fig. 1. Basal melt rate fofa) Ronne-Filchner an¢b) Ross Ice Shelves, as given by E8).(The parameterization used here leads to melt
rates which depend on the shelf thickness and are highest near the grounding lines (red). Blue lines are contours of surface elevation.

where noteworthy sliding occurs, and from rapidly-sliding solution of the SSA itself determines whether the (regular-
ice across the grounding line to an ice shelf. The reasoningzed) plastic basal material fails and sliding occurs. Since the
supporting this approach and its placement within the familybasal yield stress is a continuous function of ice thickness and
of shallow and hybrid models is given in the description pa-topography in our parameterization (E§s:12) we ensure
per of PISM-PIK,Winkelmann et al(201]). In contrastto  a smooth onset of sliding without prescribing any internal
PISM we do not use a weighting function to combine the two boundary conditions. The other transition, from grounded to
velocity contributions, but simply add them. Features that wefloating ice, works also without imposing any boundary con-
call “streams” in the context of this simulation are defined di- dition. The grounded/floating-mask is determined in every
agnostically as regions where SSA (i.e., basal) velocities time step from the flotation criterion:
are larger than SIA velocities, _
by =2 Hxy). )
Vp>V—Vp (6) Po
o ) ] Hence migration of the grounding line is — via the evolution
with v the vertical average of the full velocibsia+vssa. of the ice thickness — determined by the velocities computed
Figure 2 shows the velocity patterns emerging from the g the stress balance. Since, like in other SSA-models
superposition of SIA and SSA velocities for an example ,seq for floating and grounded ice, velocities are computed
cut through the sheet-shelf transition zone of the Lambert,qn_|ocally and simultaneously for the shelf and as a sliding
Glacier and the Amery Ice Shelf in the simulation. This ex- ye|ocity for the sheet, they provide a natural way to take into
ample illustrates how the two velocity contributions super- ccount buttressing effects, and stress transmission across the
sede each other in the sheet and in the ice shelf except igrounding line is guaranteed. We believe that this provides
a transition region in the upper part of a stream-like flow pat-5 4o0d alternative to boundary conditions being imposed at
tern. The onse_t of_thls transition region can be found whergpq grounding line in order to combine shelf flow and defor-
the SSA velocity rises above the SIA velocity on grounded y,5tional flow inland in a large scale model.
ice, i.e., where the red curve crosses the blue curve inFig.  gaga| friction within the SSA equations, which is crucial
This observed smooth transition from quasi no-slip in thefor the magnitude of the computed sliding velocities, is cal-

interior of the ice sheet to sliding is a result of the solution cyjated based on a model for plastic tBdhoof 20063
of the free boundary problem analyzedS$choof (20068,

in which both locations of sliding and the sliding velocity . _ _TCL, (8)
are solved-for simultaneously as parts of the whole ice sheet (vz+ vz) 1/2
application of the SSA stress balance. This whole ice sheet S

SSA computation is done at every time step of the dynamiCyg yegcribed iwinkelmann et al(201). The basal yield

equilibrium model. In many models the onset of sliding gyesq;. is given by the Mohr-Coulomb model for saturated
frequently arises from a transition from cold ice to ice at ; with zero cohesion Paterson1994

pressure-melting-temperature at the base, but in PISM-PIK

no sliding onset is imposed there or elsewhere. Rather, the, —tang (pigH — pw) . (9)
basal material yield stresg evolves according to the Mohr-

Coulomb equation, Eq9}, the driving stress evolves accord- Strictly speaking, Eq.8) only describes the basal stress in
ing to the mass continuity equation (Eqg. 1 in Part 1), and thea perfectly-plastic basal model. This value of the yield stress
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Fig. 2. Superposition of SIA and SSA velocities. Upper panel: a schematic diagram of an ice profile showing the different flow regimes
in PISM-PIK. Repeats Fig. 1 froWinkelmann et al(2011). Lower panel: an example cut through the sheet-stream-shelf transition of the

Lambert Glacier and Amery Ice Shelf in the simulation. The location is shown by the green line B Hige onset of an ice stream is
defined diagnostically to be where the basal sliding velosjtyred curve) exceeds the SIA velocitga (blue curve). The model output

velocity v=vp+vg)a is shown in black.

is only valid where sliding is occurring. Because the basalis limited to a maximum of 96 % of the overburden pressure

stress is computed by a regularized plastic |Buédler and

pigH for maximal A, i.e., for ice resting on bedrock at or

Brown, 2009 Eq. 27), however, at stresses lower than thebelow sea level. The scaling parametegiven by

yield stress there is a very small amount of sliding on the or-

der of 10cma? or less. Comparison to an exact solution of

the perfectly-plastic model shows that this regularization in-

deed has only a small effedigeler and Brown2009. The
designation of “non-sliding-ice” is therefore applied to the

vast regions in the interior of the ice sheet with such negligi-

1, b(x,y)—zs1<0,
(1_%) 0<b(x,y)—zs < 1000, (12)
0, 1000< b(x,y) —zsl,

AMx,y)=

ranges, depending on sea leygl and bed elevation, from

bly small SSA velocities, recognizing that they would have g 1 1 |t can be interpreted as water content in the ftill.
exactly zero basal sliding in a perfectly-plastic model. Forpg gler et al(2010 andBueler and Browr{2009, using base

our simulation of Antarctica, the friction anglg (Clarke
2005 is parameterized with bed elevation as

507 b(xyy) 5 _1OOQ
b(x,y) = | 5°+15° (1+”1%gg), —1000<b(x,y)<0, (10)
20°, 0<b(x,y)

The pore water pressure

pw=0.960jg H\ (12)

The Cryosphere, 5, 72740, 2011

PISM, compute this water content thermodynamically from
the basal melt rate. For simplicity and in order to focus here
on the ice dynamics we choose to use a basal friction parame-
terization for the presented simulation according to E&s. (
12), which is only dependent on topography and ice thick-
ness, decoupled from thermodynamics. It results in a pres-
sure distribution which is similar to the thermodynamically-
computed result (Fig4). This is especially the case in
the crucial marine areas of the WAIS, where the PISM-PIK
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M. A. Martin et al.: PISM-PIK — Part 2 731

parameterization, exactly like the thermodynamical model,
essentially gives uniformly full water content=£1), lead-

ing to low basal resistance there allowing for slip or fast
sliding. Thus effective pressure varies linearly between 4 %
of overburden pressure in marine areas and full overburdel
where the bed exceeds 1000ma.s.l. The parameterizatic
ensures a continuous transition to a quasi-non-slip regime i
regions higher up, where the basal resistance is higher an
sliding gets less and less pronounced, until it is negligibly
small in the interior of the ice sheet, which can be regardec
as frozen to the bedrock (see Fi@sand?2). The low basal
resistance in marine areas is crucial for the development o
fast flow and stream-like flow patterns as illustrated, for ex-
ample, in Fig.11. More data or also a new thermodynami-
cal model providing a more detailed picture about the con-
ditions at the base of the ice would be needed to precisely
model the locations and velocities of streams in Antarctica.
Inverse modeling (e.gMacayeal 1992 MacAyea| 1993 : - ‘2?2

Maxwell et al, 2008 Raymond and Gudmundsso2009
Joughin et al.2009 Arthern and Gudmundssp201Q Gold-
berg and Sergienk@011) would improve the parameteriza-
tion of basal friction, but basal friction is not the only control

270

268

mechanism for the structure of what we identify as streams ir (266
this simulation. This is because they arise from the simulta-
neous solution of the thermomechanically-coupled SSA anc 264
SIA equations. The role of longitudinal stresses is critically
important in generating convergence to credible continuum 262
results, sedueler and Brown(2009. Also the horizontal 260
resolution is crucial in resolving ice streams, as the dimen-
sion of actual ice streams often is at or below 20 km 258
resolution used in this simulation. 256

When aiming at modeling different flow regimes, the | (b)ice temp. at base (K)
isotropic (Glen) flow law used heraAjnkelmann et al. ' '
2011 Egs. 4-5) might not be the best choibéa etal.(2010  Fig. 3. (a)Map of yield stressc, following Egs. 8-12). (b) Tem-
suggest that velocities in the grounded part of an ice sheet argerature at the base of grounded ice.
often underestimated by models using such isotropic laws,
while they are overestimated in ice shelves. In applying
PISM-PIK to the Antarctic sheet-shelf system we adjust for shelves, a subgrid-interpolation of the calving front enables
un-modeled anisotropy, and also for other uncertainties recontinuous advance and retreat and also ensures a steep front,
lating to unobserved variations in viscosity and basal resisWhich is necessary for a proper evaluation of the stresses
tance, by using different enhancement factors for the SiAthere (seeAlbrecht et al, 2011). Advance of the calving
(Esia) and the SSA Essp). Note Ega>1 and Essa<1; front naturally happens through mass transport governed by
see TableAl for values. This difference in quality for the the continuity scheme, while retreat is governed by a new
two enhancement factors is justified by the fact that undefPhysically-motivated calving law.
compression the fabric of ice becomes axisymmetric and eas- In fact, followingLevermann et ak2011), calving occurs
ier to shear than isotropic ice, whereas under tension girdleln regions of divergent flow where both eigenvalues of
type fabrics evolve and make the ice stifftq et al, 2010.  the horizontal strain rate tensor are positive. In such cases
In PISM-PIK we use a uniform enhancement factor for the We define the calving rate to be
_SSA, but,. because the SSA velocity is intt_arpreted as the ind—C — Kdeé)=Képé_ for éu>0 (13)
ing velocity for grounded ice, the effective flow enhance-
ment arising from the superposition decreases for ice flowingwith K >0 being a proportionality constant. This calving law
through the transition from sheet to shelf; compare Eig. allows for realistic calving fronts for various types of shelves,

At all types of ice margins the SSA stress balance is sube.g., relatively thin ones like Larsen C with ice thicknesses
ject to a physically motivated stress boundary condition (for H; of about 170-220 m at the calving front as well as for
details see Sect. 2.4 M/inkelmann et al.2011). For ice Ross Hc~220-395m) and RonneH~320-340m). The

www.the-cryosphere.net/5/727/2011/ The Cryosphere, 5, 7472011



732 M. A. Martin et al.: PISM-PIK — Part 2

1e7

1e6

1e5

Fig. 4. Effective pressure with pore water pressure according to Bj.with (a) A thermodynamically computed as Bueler and Brown
(2009 and(b) parameterized according to EqG2j.

new calving law ensures that shelf ice is cut off at the mouthTabIe 1. Comparison with observations of key quantities in the

of bays, like the Ross bay, for example. In Faghe along-  pg\-pik dynamical equilibrium simulation ythe et al, 2001 Le
flow eigenvaluet . for our simulations is illustrated together Brocq et al, 2010. The column labeled “difference” is the amount
with the zero lines for the across-flow eigenvatue In most by which the model result exceeds observations.

parts, this second eigenvalue is negative, indicating compres-

sion within the shelf. Regions wheée is pOSitive —indicat- Quantity Observations PISM-PIK Difference
ing expansion in the tr_ansversal direction — are critical in t_h_e Total ice volume 256104 258<109m®  +0.8%
sense that once a _calvmg front r_e_tregts back t_o such a position o dedice volume  240104m?  254x 104 m3 120%
a new stable calving front position is established. Conver- tuaice area 13710 m2  136x10m2  —0.7%
gence of ice flow can be produced by pinning points like ice  Grounded ice area 12301 m2  125x10Mm?  +1.6%
rises, islands or predominant coast features, which stabilize Floating ice area 1431010m2  111x1019m2 —224%
the Ca|ving front. Ice front type: marine 28 % 54% -

Ice front type: cliff 25% 23% -

Ice front type: shelf 47 % 23% -

3 Performance in equilibrium simulation

PISM-PIK as described above in Se2twas applied to the

Antarctic ice-sheet-shelf system in a dynamic equi”brium giOﬂS with bedrock below sea level, if all ice were removed.)
simulation using time-invariant input data. After initializa- The total ice volume is subject to larger fluctuations due to
tion with presently-observed fields the model reached arfalving events which occur on atimescale of decades and are
equilibrium with 258<10* m3 ice volume compared to the Of the same magnitude as this drift shows in 20 000 yr.

256x 101*m?3 deduced from the ALBMAP data set. The first ~ Table 1 provides key features and characteristic quanti-
part of the spin up procedure consisted of a 200 000 yr modeties of Antarctica, comparing the equilibrium state produced
run with fixed geometry and non-evolving surface such thatin PISM-PIK with observations from the ALBMAP dataset.
the three-dimensional temperature field within the ice bodyNote, however, that the observed Antarctic Ice Sheet cannot
could evolve to equilibrium according to the conservation of be assumed to be in steady state, and hence the comparison
energy equation. Afterwards the dynamic equilibrium sim- performed here has to be regarded considering that fact. An
ulation using the physical framework describedvifinkel- alternative spin up procedure simulating a glacial-interglacial
mann et al(2011) ran for 150 000 yr using the boundary con- shift has the disadvantage that the best-quality constraints on
ditions described in Se@.and the parameter values from Ta- prior climate, like temperatures and accumulation rates ex-
ble Al. After this the model is in thermal equilibrium as well tracted from ice cores, can still only generate a very rough
as in geometric quasi-equilibrium in the sense that its driftapproximation of the boundary inputs to the ice flow model,
in sea-level relevant ice volume is less thaf.000025%  for example the time-dependent surface temperature and ac-
in 1000yr, which is equivalent to an average sea-level risecumulation maps. The steady state reached in the presented
of ~0.0014mmyrl. (To compute the sea-level-relevant equilibrium simulation will be further analyzed by consider-
ice volume the total grounded volume was reduced by theing the geometric configuration (in Sedtl), the mass bud-
amount of ice, that — in liquid form — would fill up the re- get (in Sect3.2) and the steady-state dynamics (in S8c3).

The Cryosphere, 5, 72740, 2011 www.the-cryosphere.net/5/727/2011/
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(b) 'alongj__ilow"‘-gpre'é'dihg_ (1!3) .

Q.

0

Fig. 5. Calving law applied tqa) Ronne-Filchner an¢b) Ross Ice Shelves. Blue shading represents the spreadingraleng the main
flow direction, white lines (zero line of_) illustrate possibly weak shelf regions where transversal spreading occurs. (Grounding line is
represented by red line, onset of streams by black lines.)

The Ross Ice Shelf front as well as the front of the Ronne-
Filchner Ice Shelf are well-captured by the applied calving
law (Levermann et al.2011). The position of the front of
Larsen C Shelf, which is clearly thinner than the other two
shelves is also reproduced by the same calving law. This
result cannot be obtained by a simple ice-thickness calving
law where floating ice thinner than a certain global threshold
value is rigorously cut off. However, our model resolution of
~20 km fails to capture a number of the smaller ice shelves
that consist of a handful or fewer grid cells. This is also
reflected in the partitioning of ice-front types, which differs
from the observational data as shown in Table

The simulated grounding line of the Ross Ice Shelf lies
further inland than observed. Preparatory experiments have
shown that its position is strongly dependent on topography
(via the parameterization of basal resistance, Bg$2), on
the melt rate at the base of the adjacent ice shelf, and on the
velocities in the shelf, which in turn are subject to the en-
Fig. 6. Comparison of grounding-line and ice-front positions from hancement factoEssa. For the reasons presented in S@ct.
ALBMAP dataset (black) and PISM-PIK dynamic equilibrium sim-  we believe that with the SIA/SSA hybrid presented here we
ulation (red). employ a very reasonable scheme for grounding line dynam-

ics including buttressing effects. Yet, since we start our equi-

librium simulation with the configuration of the present day
3.1 Geometric configuration in steady state Antarctic ice sheet, the variability of the grounding line un-

der climate forcing has to be shown additionally. In a simple
In PISM-PIK all lateral boundaries are free to evolve: the setup this has been doneWjnkelmann et al(2011), where
grounding line, as well as (floating) calving fronts and in experiments from the MISMIP inter-comparisddchoof
grounded ice fronts (marine margins) are shown in Big. et al, 2009 the reversibility of the grounding line migra-
Another type of grounded ice fronts are cliffs. Those aretion on a sloping bed has been demonstrated. This has been
ice resting on bedrock above sea surface, adjacent to thachieved without the application of any boundary condition
ocean, which in a lateral-view finite-differences visualization at the grounding line, its position being determined solely by
resemble an ice-covered cliff at the coast. Would the ice marthe flotation criterion. For the Antarctica setup we applied
gin move past such a location towards the ocean, where tha non-representative sinusoidal surface temperature forcing
bed then lies below sea-level, a marine margin or a shelf frontvith an amplitude of 7.5K and period of 100 000 yr to the
would develop. In Fig6 we present a comparison between equilibrium state presented here. This results in grounding
observation l(ythe et al, 2001, Le Brocq et al. 2010 and line migration back and forth as shown in the animation in
simulation of the position of those lateral boundaries. the Supplement.

www.the-cryosphere.net/5/727/2011/ The Cryosphere, 5,7472011
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3500
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- 12500
- 12000
- 11500
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o | | ﬁla;ine icé"--._
. B ice grounded abv sea level
‘ B shelfice. ' '|,
' © 500
Fig. 8. Modeled distribution of different types of ice grid cells:
shelves are red, ice grounded above sea level is blue and ice
grounded below sea level (marine ice) is light blue. The onset of ice
0 streams, defined diagnostically by inequality E8), (s outlined in
i black. The green line indicates the cut through the sheet-shelf tran-
sition zone in the Amery region shown in profile in F&.The red
—500 lines along 48W and 169 E longitude, respectively, indicate the
partitioning of the ice sheet into West Antarctica and East Antarc-
tica.
(b) thickness anomaly (m) 1000

Fig. 7. (a) Surface elevation in model equilibriungb) Difference 3.2 Mass balance

in ice thickness: dynamic equilibrium simulation minus ALBMAP
data. Red indicates model overestimation of ice thickness whileThe geometric configuration as described above is deter-
blue is underestimation. mined by the ice fluxes in steady state which are allocated
to shelf ice, marine ice and ice grounded above sea-level.
In Fig. 7 modeled surface elevation is given as well as The partitioning of the different types of ice cells in the equi-
a comparison of ice thickness to observation. The majoribrium simulation is depicted in Fig8. In steady state the
ity of the grid cells show a deviation in ice thickness of syrface mass balance, which is held constant in the simula-
not more than a couple of hundred meters (positive or negtjon, is balanced by the bottom mass balance (subsheet and
ative, Fig.7b). The combination of the positive anomalies sypshelf melting and refreezing) and the flux across the ice
in the Amery region and directly upstream of the grounding front. In terms of total mass flux, the bottom mass balance
line of the Ross Ice Shelf, the Pine Island Glacier and thep|ays a negligible role, while the crucial contribution is the
Filchner Ice Shelf, and the negative anomaly for the Westf|yx across the ice front. The ice front is composed of marine
Antarctic Ice Sheet and large parts of the East Antarctic Iceice cells, cliffs and floating front cells as shown in Fag.
Sheet explains the total difference of only 0.8 % of the total For all types of ice fronts — for each the stress boundary con-
ice volume, 25& 10 m3 in the simulation as compared to dition is apphed according|y (see Egs. 26-\A8nkelmann
256x 101 m? observed, see Table One of the stronger pos- et al, 2011, for details) — mass loss occurs through calving.
itive deviations in ice thickness occurs in the Amery Shelf |n the case of cliffs and marine fronts the subgrid treatment of
area. While the model reproduces the general structure ofhe front has not yet been implemented, the calving happens
this region, the outflow here is apparently underestimatedthrough the formation of shelves which are only one grid-box
although a strong improvement was achieved by use of thgong, and then calve off in the same time step. This means
ALBMAP data set byLe Brocq et al(2010 relative to ear-  that the stress evaluation at the grounded margin determines

lier use of BEDMAP [ythe et al, 200 in the model. With  the amount of ice that is transported into the adjacent ocean
few exceptions the ice thickness in the simulation is under-cel|. In an equilibrium situation this amount is so small that

estimated along the modeled ice divides, while it is overesti-3 very thin — typically only a few meters thick — ice shelf
mated in the regions of strong outflow (see Fig). develops, which is subject to calving in the same time step,
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(a) type of ice front (b) flow rate through ice front

-1040 km/a

~1300 km°/a 1e3

3%

18 %

5 % 18 % -310 km*/a

F11e2
I marine ice I cliff I shelf

Fig. 9. (a) Partitioning of the different types of ice fronts in the
equilibrium simulation, andgb) their contribution to the mass bud-
get. Note that an ice flow 0£1190 km? a~1 can be attributed to
East Antarctica.

s'ﬁ'rigce velﬁ‘citigag(mfa)

before the stresses are evaluated again at a grounded mar
gin. Figure9b shows that most of the mass loss occurs at
marine ice fronts and shelves. Only a small part occurs afig. 10. Modeled surface velocity for the West Antarctic Ice Sheet.
cliffs (about 12 %) relative to their extent (23 % of the ice White lines show the grounding-line position, thin black lines indi-
front of Antarctica is comprised of cliffs). Conversely, al- cate ice streams according to inequality Egj. (

though shelves account for only 23 % of the total modeled ice

front of Antarctica, they provide 39 % of the mass loss. This
can be explained by the different magnitude of velocities in
sheet and shelves which will be further discussed in Segt. | * .
Also, in regions with high outflux the model tends to pro- |
duce ice shelves. The formation of shelves influences the
grounded ice upstream and thereby the mass balance both | .
buttressing effects in the case of an embayment and throug| '
the drawdown of grounded ice. As shown in Sett the
total ice shelf area in our simulation is smaller than in obser-|
vation. A subgrid treatment of grounded margins analogous
to that for the calving fronts, and higher resolution, might |
improve this.

10

1ed

Fled

1e3

3.3 Steady state dynamics
The ice geometry, grounding line position, ice front position, | i€ flux (m?/a).
and ice front type each evolve to an equilibrium at the end

of the simulation. In Fig10 the surface velocities for this  Fig. 11. Modeled vertically-integrated horizontal ice flux. Ice
steady state are detailed for the West Antarctic Ice Sheetstreams are outlined in black, grounding line position in white.

In Fig. 11 the flow pattern for the whole Antarctic ice sheet

is shown, with the onset of streams as defined by equation

6 marked by black lines. As described in SeZtstreams  prominent role in the flow field of our simulation than Pine
are (diagnostically) distinguished from the surrounding icelsland Glacier. The latter has its grounding line further sea-
by comparing the sliding velocitypb=vssa to the vertically ~ ward than in reality. These differences might be due to the
averaged velocity: if v,>v—wvp then we consider the flow ~20km resolution in our model. Drainage into the Ronne
stream-like. The overall pattern of drainage basins is easilyShelf occurs from several different basins, both north and
recognizable: for WAIS there is drainage into the Amundsensouth of the Ellsworth mountains. Another prominent feature
Sea sector, an area subject to accelerated thinning in realitis the drainage from East Antarctica into the Ross Ice Shelf
(Thomas et a).2004 Pritchard et a].2009. A feature that via the Byrd and Mulock Glaciers. In East Antarctica the
can be roughly identified with Thwaites Glacier plays a more main drainage basins can be connected to the marine areas as

1e2
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1e6

1e5

1e4

100

Fig. 12. Ice flux with streams indicated by black line f(a) Ronne-Filchner angb) Ross Ice Shelves. The grounding line is marked by
a white line.

1000 1000

100 100

(b) modeled surface vel. (m/a)” ™

(a) obs. surface vel. (m/a) 1 ;

Fig. 13. Comparison of surface velocity field¢a) Observed surface velocities from MAMM data enriched by data fdmughin et al.

(2002. (b) Surface velocities from equilibrium simulation. In bt and(b), regions without observational coverage and where there is

no agreement in the simulation and the observations about whether the ice is grounded or floating are masked out, which leaves 65 % of tota
ice covered area for comparison. The respective grounding line positions and calving fronts for observation and model are depicted in black
and red, as in Fig. 5.

shown in Fig8, indicating the strong influence of bottom to- the observations about whether the ice is grounded or floating
pography on our simulation. Figul& shows the ice flux for  are masked out, so that details in some of the most interesting
the combined stream-shelf system for the two largest shelvesegions near ice margins are lacking. A comparison to bal-
Due to the anomaly in the position of the grounding line the ance velocities in those regions is no alternative, because they
location of the stream-like features in the simulation cannotare a model for ice flow based on observations of surface el-
directly coincide with real streams in Antarctica. Combin- evation and precipitation, but unconstrained by conservation

ing the SIA and SSA velocities as described in Séds, of energy or conservation of momentum. Also, they substan-
however, shown to model stream-like features in a reasontially differ from observations themselves (see, e.g., for the
able way. Siple Coast Area Fig. 1 iBamber et a].2000. The observed

In order to compare these model results to observationasurface velocities are compared to the modeled surface ve-
data we combined two sources, namely present-day surfadecities in Fig.13. The modeled magnitude deviates from
velocities from both the Modified Antarctic Mapping Mis- observations in some areas, but the overall pattern and distri-
sion Jezek et a).2003 Liu et al, 1999 and for the Siple  bution of velocities in shelves, streams and areas frozen to the
Coast area of WAIS, frordoughin et al(2002, see Figl3a.  bed is clearly comparable. This is further supported by the
Regions where there is no agreement in the simulation angcatter plot of velocity magnitudes (Fig}4), illustrating the
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The stars with red points are the floating velocities that belong to the

Ronne-Filchner Ice-Shelf, while the ones with the cyan points be-

long to the Ross Ice Shelf. Fig. 16. Histogram of velocity distribution. Panéh) grounded

and panelb) floating areas (please note that the strongest overes-

100 ; ; ; — ~3ed timation occurs only for a small number of grid cells). Relative to
@ all velocities Fig. 15, we show results from the smaller dataset (B8, contain-
1o/ Observed 9’0“_“ded laea ing only data where there is agreement between model and obser-
2 floating 2 vation about whether the ice is grounded or floating.
g 1300 5
g B
g Z close correlation between the modeled and observed veloc-
15 ities. The comparison shows that while the grounded mod-
eled velocities are in good agreement with observations, the
0 500 1000 1500 2000 2500 3000 velocities on the shelves are overestimated with a mean dif-
o0 suriace veldity (mva) e ference of~334ma subject to a high variance (standard
all velocities deviation~309ma?l). The differences vary from shelf to
ﬁgdelad grounded shelf. A histogram of the velocity distribution is given in
o 101 floating 128 A Fig. 15. The Antarctic ice sheet has a large number of low-
g E velocity and a small number of high-velocity grid cells. For
5 1 13005 both simulation and observation we see that the number of
g b grounded grid cells decreases with increasing velocity, while
é”‘“' 130 g the number of floating grid cells is relatively constant in the
& = low velocity range and then decreases. The histogram in
0.01-

33 Fig. 16 is based on the subset of observed velocity points
shown in Fig.13 matching the ice type in the simulation.
A decomposition into grounded and floating regions reveals
that high velocities are predominantly found on ice shelves.
F|g 15. Histogram of Ve|ocity distribution. (a) observed This also shows the limitations of PISM-PIK in reprOdUC-
(b) modeled. Each of the 60 bins contains a velocity range ofing the details of the observed velocity distribution: there are
Avgyrface=50ma L. more floating cells in the quasi-uniformly distributed low-
velocity range in observations than our model can reproduce.
On the other hand, cells with higher velocities on shelves
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Table Al. Table of symbols and values of constants.

Symbol  Description Sl units Value
b bedrock elevation m
c calving rate ms?
Cpo specific heat capacity of ocean J(kgK)™1 3974
mixed layer
Esia enhancement factor for the SIA 4.5
Essa enhancement factor for the SSA .80=0.512
Frelt parameter for subshelf melting ms 5x10°3
G geothermal flux wm2
g acceleration due to gravity nTé 9.81
h upper surface elevation of ice m
H ice thickness m
H¢ ice thickness at calving front m
{i,j} 2-D horizontal tensor indices
K proportionality constant for ms 109
Eigen Calving
Li latent heat capacity of ice JKkG 3.35x10°
n Glen flow law exponent 3
pw pore water pressure NT?
[ horizontal ice flux ms1
N ice equivalent basal mass ms1
balance §>0 is melting)
So salinity of ocean water under ice psu 35
shelves
T ice temperature K
T; freezing temperature K
Ts surface temperature K
To temperature of ocean water K 271.45)(7°C)
Tpm pressure-melting temperature K
v overall horizontal ice velocity nrst
v basal ice velocity; ms1
Vp=v55A=(vx, Vy)
vsIA SIA-modeled velocity of ice mst
VSSA SSA-modeled velocity of ice; ms™1
vsSA=(Vx, Vy)
(x,y) horizontal dimensions m
z vertical dimension m
(positive upwards)
Zh elevation of the ice shelf base m
Zg] sea level m 0
Bce Clausius-Clapeyron gradient K 8.66x10~4
" thermal exchange velocity nd 1074
Ax,Ay horizontal grid size km 19.98
€t eigenvalues of horizontal strain s
rate tensor
Py parameter for water content
in till
i density of ice kg 3 910
Po density of ocean water kgm? 1028
L basal shear stress on ice Ram—2
e yield stress PaNm—2
Tij deviatoric stress tensor; Pa=Nm~—2
'L','j =2VEIJ
¢ till friction angle °
|®| latitude °S

are too numerous in the simulation, but the strongest over
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4 Conclusions

Our dynamic equilibrium simulation for Antarctica demon-
strates the ability of PISM-PIK to reproduce large-scale dy-
namic features of the Antarctic ice sheet-shelf system, in-
cluding observed features such as the fast flow of ice streams
and the position of ice fronts. A comparison of the geometry
and dynamics in modeled equilibrium using observed surface
velocities coveringe=65 % of the ice-covered area supports
the PISM-PIK treatment of the calving front and its direct
superposition of SIA and SSA. These new techniques cap-
ture the full range of fast-flowing ice in the whole sheet/shelf
system. This hybrid scheme leads to a smooth transition
from sheet to shelves and permits a diagnostic definition of
streams (Fig2). The mass budget of Antarctica in simu-
lated steady state was analyzed, identifying the composition
of mass loss at different types of ice fronts (F¥. Though
subgrid interpolation is used in PISM-PIK for the floating
parts of the calving frontAlbrecht et al, 2011J), it is cur-
rently not used for locations where the model has grounded
ice margins. This may be the explanation for a reduced area
of floating ice in the model relative to observations (Table
The formation of an attached shelf influences the grounded
ice upstream, both by buttressing effects in the case of an
embayment and the draw-down of grounded ice because of
high shelf velocities being transmitted by membrane stresses
into the upstream grounded ice. Additional subgrid treatment
may improve grounded marine margins in future model ver-
sions. Significant additional improvements, particularly with
respect to grounding line position (Fi@), ice thickness dis-
tribution (Fig.7), and velocity distribution (FigsL0-16), are
expected from finer grid resolution, improved topographic
input data, and additional information on the dynamic basal
boundary conditions (basal shear stress) of grounded ice.

Supplementary material related to this
article is available online at:
http://www.the-cryosphere.net/5/727/2011/
tc-5-727-2011-supplement.zip
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