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Abstract. Ocean-induced melting below ice shelves is one
of the dominant drivers for mass loss from the Antarctic
Ice Sheet at present. An appropriate representation of sub-
shelf melt rates is therefore essential for model simulations
of marine-based ice sheet evolution. Continental-scale ice
sheet models often rely on simple melt-parameterizations,
in particular for long-term simulations, when fully coupled
ice—ocean interaction becomes computationally too expen-
sive. Such parameterizations can account for the influence
of the local depth of the ice-shelf draft or its slope on melt-
ing. However, they do not capture the effect of ocean circu-
lation underneath the ice shelf. Here we present the Potsdam
Ice-shelf Cavity mOdel (PICO), which simulates the verti-
cal overturning circulation in ice-shelf cavities and thus en-
ables the computation of sub-shelf melt rates consistent with
this circulation. PICO is based on an ocean box model that
coarsely resolves ice shelf cavities and uses a boundary layer
melt formulation. We implement it as a module of the Parallel
Ice Sheet Model (PISM) and evaluate its performance under
present-day conditions of the Southern Ocean. We identify a
set of parameters that yield two-dimensional melt rate fields
that qualitatively reproduce the typical pattern of compara-
bly high melting near the grounding line and lower melting
or refreezing towards the calving front. PICO captures the
wide range of melt rates observed for Antarctic ice shelves,
with an average of about 0.1 ma~! for cold sub-shelf cavi-
ties, for example, underneath Ross or Ronne ice shelves, to
16 ma~! for warm cavities such as in the Amundsen Sea re-
gion. This makes PICO a computationally feasible and more
physical alternative to melt parameterizations purely based
on ice draft geometry.

1 Introduction

Dynamic ice discharge across the grounding lines into float-
ing ice shelves is the main mass loss process of the Antarctic
Ice Sheet. Surrounding most of Antarctica’s coastlines, the
ice shelves themselves lose mass by ocean-induced melting
from below or calving of icebergs (Depoorter et al., 2013;
Liu et al., 2015). Observations show that many Antarctic
ice shelves are thinning at present, driven by enhanced sub-
shelf melting (Pritchard et al., 2012; Paolo et al., 2015).
Thinning reduces the ice shelves’ buttressing potential, i.e.,
the restraining force at the grounding line provided by the
ice shelves (Thomas, 1979; Dupont and Alley, 2005; Gud-
mundsson et al., 2012), and can thereby accelerate upstream
glacier flow. The observed acceleration of tributary glaciers
is seen as the major contributor to the current mass loss in
the West Antarctic Ice Sheet (Pritchard et al., 2012). In par-
ticular, the recent dynamic ice loss in the Amundsen Sea
sector (MacGregor et al., 2012; Mouginot et al., 2014) is
associated with high melt rates that result from inflow of
relatively warm circumpolar deep water (CDW) in the ice-
shelf cavities (D. M. Holland et al., 2008; Jacobs et al., 2011;
Pritchard et al., 2012; Schmidtko et al., 2014; Hellmer et al.,
2017; Thoma et al., 2008). Also in East Antarctica, particu-
larly at Totten glacier, as well as along the Southern Antarc-
tic Peninsula, glacier thinning seems to be linked to CDW
reaching the deep grounding lines (Greenbaum et al., 2015;
Wouters et al., 2015). An appropriate representation of melt
rates at the ice—ocean interface is hence crucial for simulat-
ing the dynamics of the Antarctic Ice Sheet. Melting in ice-
shelf cavities can occur in different modes that depend on the
ocean properties in the proximity of the ice shelf, the topog-
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raphy of the ocean bed and the ice-shelf subsurface (Jacobs
et al., 1992). Antarctica’s ice-shelf cavities can be classified
into “cold” and “warm” with typical mean melt rates ranging
from (0.1-1.0)ma~" in “cold” cavities as for the Filchner-
Ronne Ice-Shelf and O(10)ma~! in “warm” cavities like the
one adjacent to Pine Island Glacier (Joughin et al., 2012).
For the “cold” cavities of the large Ross, Filchner-Ronne and
Amery ice shelves, freezing to the shelf base is observed in
the shallower areas near the center of the ice shelf and to-
wards the calving front (Rignot et al., 2013; Moholdt et al.,
2014).

Since the stability of the ice sheet is strongly linked to
the dynamics of the buttressing ice shelves, it is essential
to adequately represent their mass balance. A number of
parameterizations with different levels of complexity have
been developed to capture the effect of sub-shelf melting.
Simplistic parameterizations that depend on the local ocean
and ice-shelf properties have been applied in long-term and
large-scale ice sheet simulations (Joughin et al., 2014; Martin
et al., 2011; Pollard and DeConto, 2012; Favier et al., 2014).
These parameterizations make melt rates piece-wise linear
functions of the depth of the ice-shelf draft (Beckmann and
Goosse, 2003) or of the slope of the ice-shelf base (Little
et al., 2012). Other models describe the evolution of melt-
water plumes forming at the ice-shelf base (Jenkins, 1991).
Plumes evolve depending on the ice-shelf draft and slope,
sub-glacial discharge and entrainment of ambient ocean wa-
ter. This approach has been applied to models with charac-
teristic conditions for Antarctic ice shelves (Holland et al.,
2007; Payne et al., 2007; Lazeroms et al., 2018) and for
Greenland outlet glaciers and fjord systems (Jenkins, 2011;
Carroll et al., 2015; Beckmann et al., 2018). Interactively
coupled ice—ocean models that resolve both the ice flow and
the water circulation below ice shelves are now becoming
available (Goldberg et al., 2012; Thoma et al., 2015; Seroussi
et al., 2017; De Rydt and Gudmundsson, 2016). There is a
community effort to better understand effects of ice—ocean
interaction in such coupled models (Asay-Davis et al., 2016).
However, as ocean models have many more degrees of free-
dom than ice sheet models and require for much shorter time
steps, coupled simulations are currently limited to short time
scales (on the order of decades to centuries).

Here, we present the Potsdam Ice-shelf Cavity mOdel
(PICO), which provides sub-shelf melt rates in a computa-
tionally efficient manner and accounts for the basic vertical
overturning circulation in ice-shelf cavities driven by the ice
pump (Lewis and Perkin, 1986). It is based on the earlier
work of Olbers and Hellmer (2010) and is implemented as a
module in the Parallel Ice Sheet Model (PISM: Bueler and
Brown, 2009; Winkelmann et al., 201 1).] Ocean temperature
and salinity at the depth of the bathymetry in the continental
shelf region serve as input data. PICO allows for long-term
simulations (on centennial to millennial time scales) and for

1http://www.pism—docs.org (last access: 15 May 2018)
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large ensembles of simulations which makes it applicable,
for example, in paleo-climate studies or as a coupling mod-
ule between ice-sheet and Earth System models.

In this paper, we give a brief overview of the cavity circu-
lation and melt physics and describe the ocean box geometry
in PICO and implementation in PISM in Sect. 2. In Sect. 3,
we derive a valid parameter range for present-day Antarctica
and compare the resulting sub-shelf melt rates to observa-
tional data. This is followed by a discussion of the applica-
bility and limitations of the model (Sect. 4) and conclusions
(Sect. 5).

2 Model description

PICO is developed from the ocean box model of Olbers and
Hellmer (2010), henceforth referred to as OH10. The OH10
model is designed to capture the basic overturning circulation
in ice-shelf cavities which is driven by the “ice pump” mech-
anism: melting at the ice-shelf base near the grounding line
reduces salinity and the ambient ocean water becomes buoy-
ant, rising along the ice-shelf base towards the calving front.
Since the ocean temperatures on the Antarctic continental
shelf are generally close to the local freezing point, density
variations are primarily controlled by salinity changes. Melt-
ing at the ice-shelf base hence reduces the density of ambient
water masses, resulting in a haline driven circulation. Buoy-
ant water rising along the shelf base draws in ocean water at
depth, which flows across the continental shelf towards the
deep grounding lines of the ice shelves. The warmer these
water masses are, the stronger the melting-induced ice pump
will be. The OH10 box model describes the relevant physical
processes and captures this vertical overturning circulation
by defining consecutive boxes following the flow within the
ice-shelf cavity. The strength of the overturning flux ¢ is de-
termined from the density difference between the incoming
water masses on the continental shelf and the buoyant water
masses near the deep grounding lines of the ice shelf.

As PICO is implemented in an ice sheet model with char-
acteristic time scales much slower than typical response
times of the ocean, we assume steady state ocean conditions
and hence reduce the complexity of the governing equations
of the OH10 model. Using this assumption facilitates adap-
tive box adjustment to grounding line migration, especially
since PICO transfers the box model approach into two hor-
izontal dimensions. We assume stable vertical stratification;
OHI10 found that a circulation state for an unstable vertical
water column, which would imply a high (parametrized) dif-
fusive transport between boxes, only occurs transiently (Ol-
bers and Hellmer, 2010, Sect. 2). This motivates neglecting
the diffusive heat and salt transport between boxes which
is small under these conditions. Without diffusive transport
between the boxes, some of the original ocean boxes from
OH10 become passive and can be incorporated into the gov-
erning equations of the set of boxes used in PICO. We
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Table 1. PICO parameters and typical values.

1971

Parameter Symbol Value  Unit
Salinity coefficient of freezing equation a —0.0572 °CPSU~!
Constant coefficient of freezing equation b 0.0788 °C

Pressure coefficient of freezing equation c 777x 1078  °CPa~!
Thermal expansion coefficient in EOS o 75%x107 °c~!

Salt contraction coefficient in EOS B 7.7x107% PSU~!
Reference density in EOS s 1033 kg m—3
Latent heat of fusion L 334%x 100 ] kg_1

Heat capacity of sea water cp 3974 ] kg_1 oc~!
Density of ice Pi 910 kg m—3
Density of sea water Pw 1028 kg m—3
Turbulent salinity exchange velocity ¥s 2x107% ms~!
Turbulent temperature exchange velocity YT 5%1075 ms~!
Effective turbulent temperature exchange velocity — yq 2%x107 ms~!
Overturning strength C 1x100 mos! kg_1

The coefficients in the equation of state (EOS), the turbulent exchange velocities for heat and salt, are taken from Olbers and
Hellmer (2010). We linearized the potential freezing temperature equation with a least-squares fit with salinity values over a
range of 2040 PSU and pressure values of 0-107 Pa using Gibbs SeaWater Oceanographic Package of TEOS-10
(McDougall and Barker, 2011). All values are kept constant, except for y;f and C, which vary between experiments. The

values of these two parameters are the best-fit from Sect. 3.1.

explicitly model a single open ocean box which provides
the boundary conditions for the boxes adjacent to the ice-
shelf base following the overturning circulation, as shown in
Fig. 1. In order to better resolve the complex melt patterns,
PICO adapts the number of boxes based on the evolving ge-
ometry of the ice shelf. These simplifying assumptions allow
us to analytically solve the system of governing equations,
which is presented in the following two sections. A detailed
derivation of the analytic solutions is given in Appendix A.
In Sect. 2.3, we describe how the ice-model grid relates
to the ocean box geometry of PICO. The system of equa-
tions is solved locally on the ice-model grid, as described in
Sect. 2.4. Table 1 summarizes the model parameters and typ-
ical values.

2.1 Physics of the overturning circulation in ice-shelf
cavities

PICO solves for the transport of heat and salt between the
ocean boxes as depicted in Fig. 1. Although box By, which
is located at depth between the ice-shelf front and the edge
of the continental shelf, does not extend into the shelf cavity,
its properties are transported unchanged from box By to box
Bj near the grounding line. The heat and salt balances for
all boxes in contact with the ice-shelf base (boxes By, for k €
{1,...n}) can be written as

ViTi = qTi—1 — q T + Axmi Tor — Agmy Ty

+ Ayt (Tpx — Tir) (D
ViSk = qSk—1 — q Sk + Axmy Spx — Agmy Sk
+ Arys (Spk — Sk) - 2
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Figure 1. Schematic view of the PICO model. The model mimics
the overturning circulation in ice-shelf cavities: ocean water from
box By enters the ice-shelf cavity at the depth of the sea floor and
is advected to the grounding line box Bj. Freshwater influx from
melting at the ice-shelf base makes the water buoyant, causing it
to rise. The cavity is divided into n boxes along the ice-shelf base.
Generally, the highest melt rates can be found near the grounding
line, with lower melt rates or refreezing towards the calving front.

The local application of these equations for each ice model
cell is described in Sect. 2.4. Since we assume steady circu-
lation, the terms on the left-hand side are neglected. For the
box By with volume Vi, heat or salt content change due to ad-
vection from the adjacent box Bj_; with overturning flux ¢
(first term on the right-hand side) and due to advection to the
neighboring box By (or the open ocean for k = n; second
term). Vertical melt flux into the box By across the ice—ocean
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interface with area Ay (third term) and out of the box (fourth
term) play a minor role and are neglected in the analytic so-
lution of the equation system employed in PICO (a detailed
discussion of these terms is given in Jenkins et al., 2001). The
melt rate my is negative if ambient water freezes to the shelf
base. The last term represents heat and salt changes via turbu-
lent, vertical diffusion across the boundary layer beneath the
ice—ocean interface. The parameters yt and ys are the tur-
bulent heat and salt exchange velocities which we assume,
following OH10, to be constant.

The overturning flux g > 0 is assumed to be driven by the
density difference between the ocean reservoir box By and
the grounding line box Bj. This is parametrized as in OH10
as

qg=C(po—p1), 3)

where C is a constant overturning coefficient that captures
effects of friction, rotation and bottom form stress.? The cir-
culation strength in PICO is hence determined by density
changes through sub-shelf melting in the grounding zone box
B;. From there, water follows the ice-shelf base towards the
open ocean assuming the overturning flux ¢ to be the same
for all subsequent boxes. Ocean water densities are computed
assuming a linear approximation of the equation of state:

p=ps(I=a(T=T)+p(S =S5, “

where T, = 0°C, S, = 34PSU and «, B and p, are constants
with values given in Table 1.

2.2 Melting physics

Melting physics are derived from the widely used 3-equation
model (Hellmer and Olbers, 1989; Holland and Jenkins,
1999), which assumes the presence of a boundary layer be-
low the ice—ocean interface. The temperature at this interface
in box By is assumed to be at the in situ freezing point Ty,
which is linearly approximated by

Ty = a Spi +b — ¢ pi, )

where pj is the overburden pressure, here calculated as
static-fluid pressure given by the weight of the ice on top.
At the ice—ocean interface, the heat flux from the ambient
ocean across the boundary layer due to turbulent mixing,
Ot = pwcpyT (Tpk — T}), equals the heat flux due to melting
or freezing Qt, = —pj Lmy. Neglecting heat flux into the ice,
the heat balance equation thus reads

1 (Tpk — Ti) = —vimy, (6)

where v = p;/pw ~ 0.89, A = L/cp ~ 84°C. We obtain the
salt flux boundary condition as the balance between tur-
bulent salt transfer across the boundary layer, Qs =

2For a more detailed discussion see Olbers and Hellmer (2010,
Sect. 2).
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owYs (Spk — Sk), and reduced salinity due to melt water in-
put, Osb = —piSpk M,

¥s (Spk — Sk) = —vSpimy. (N

To compute melt rates, we apply a simplified version of the 3-
equations model (McPhee, 1992, 1999; Holland and Jenkins,
1999) which allows for a simple, analytic solution of the sys-
tem of governing equations. It has been shown that this for-
mulation yields realistic heat fluxes (McPhee, 1992, 1999).
This simplification is used only for melt rates, we neverthe-
less solve for the boundary layer salinity which is central to
the solution of the system of equations as detailed in Ap-
pendix A. Melt rates are given by

y*
mk=—i(ask+b—cpk—rk), (8)

with ambient ocean temperature 7} and salinity S in box
By. Here, we use the effective turbulent heat exchange coef-
ficient y. The relation between yr and y7 is discussed in the
Appendix A.

2.3 PICO ocean box geometry

PICO is implemented as a module in the three-dimensional
ice sheet model PISM as described in Sect. 2.4. Since the
original system of box-model equations is formulated for
only one horizontal and one vertical dimension, it needed to
be extended for the use in the three-dimensional ice sheet
model. The system of governing equations as described in
the previous two sections is solved for each ice shelf inde-
pendently. PICO adapts the ocean boxes to the evolving ice
shelves at every time step.

For any shelf D, we determine the number of ocean boxes
np by interpolating between 1 and nnax depending on its size
and geometry such that larger ice shelves are resolved with
more boxes. The maximum number of boxes ny,x is a model
parameter; a value of 5 is suitable for the Antarctic setup, as
discussed further in Sect. 3.2. We determine the number of
boxes n p for each individual ice shelf D with

np =1+1d (VoL (D) /dumax (tmax = 1) ©)

where rd() rounds to the nearest integer. Here, dgr (x, y) is
the local distance to the grounding line from an ice-model
grid cell with horizontal coordinates (x, y), dgL(D) is the
maximum distance within ice shelf D and djax is the maxi-
mum distance to the grounding line within the entire compu-
tational domain.

Knowing the maximum number of boxes np for an ice
shelf D, we next define the ocean boxes underneath it. The
extent of boxes Bji,..., B,, is determined using the dis-
tance to the grounding line and the shelf front. The non-
dimensional relative distance to the grounding line r is de-
fined as

r(x,y) =dcL(x,y)/(dcL (x,y) +dir (x,y)), (10)

www.the-cryosphere.net/12/1969/2018/
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with dir (x, y) the horizontal distance to the ice front. We
assign all ice cells with horizontal coordinates (x, y) € D to
box By if the following condition is met:

l—y(mp—k+1)/np <r(x,y)<1—+/(np—k)/np. (11)

This leads to comparable areas for the different boxes within
a shelf, which is motivated in Appendix B. Thus, for exam-
ple, the box B adjacent to the grounding line interacts with
all ice shelf grid cells with 0 <r < 1 —/(np — 1) /np. Fig-
ure 3 shows an example of the ocean box areas for Antarc-
tica. PICO does currently not account for melting along verti-
cal ice cliffs, as, for example, the termini of some Greenland
outlet fjords.

2.4 Implementation in the Parallel Ice Sheet Model

PICO is implemented in the open-source Parallel Ice Sheet
Model (PISM: Bueler and Brown, 2009; Winkelmann et al.,
2011). In the three-dimensional, thermo-mechanically cou-
pled, finite-difference model, ice velocities are computed
through a superposition of the shallow approximations for
the slow, shear-dominated flow in ice sheets (Hutter, 1983,
SIA) and the fast, membrane-like flow in ice streams and
ice shelves (Morland, 1987, SSA). In PISM, the grounding
lines (diagnosed via the flotation criterion) and ice fronts
evolve freely. Grounding line movement has been evalu-
ated in the model intercomparison project MISMIP3d (Pat-
tyn et al., 2013; Feldmann et al., 2014).

PICO is synchronously coupled to the ice-sheet model,
i.e., they use the same adaptive time steps. The cavity model
provides sub-shelf melt rates and temperatures at the ice—
ocean boundary to PISM, with temperatures being at the in
situ freezing point. PISM supplies the evolving ice-shelf ge-
ometry to PICO, which in turn adjusts in each time step the
ocean box geometry to the ice-shelf geometry as described
in Sect. 2.3.

PICO computes the melt rates progressively over the ocean
boxes, independently for each ice shelf. Since the ice-sheet
model has a much higher resolution, each ocean box inter-
acts with a number of ice-shelf grid cells. PICO applies the
analytic solutions of the system of governing equations sum-
marized in Sect. 2.1 and 2.2 locally to the ice model grid as
detailed below. Model parameters that are varied between the
experiments are the effective turbulent heat exchange veloc-
ity yf from the melt parametrization described in Sect. 2.2
and the overturning coefficient C described in Sect. 2.1. The
two parameter values are applied to the entire ice sheet.

Input for PICO in the ocean reservoir box By is data from
observations or large-scale ocean models in front of the ice
shelves. Temperature 7y and salinity Sp are averaged at the
depth of the bathymetry in the continental shelf region. In
box Bj adjacent to the grounding line, PICO solves the sys-
tem of governing equations in each ice grid cell (x, y) to at-
tain the overturning flux ¢ (x, y), temperature 77 (x, y), salin-
ity S1 (x, y), and the melting m (x, y) at its ice—ocean inter-
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face (given by the local solution of Eqgs. 3, A12, A8 and 8, re-
spectively). The model proceeds progressively from box By
to box B4 to solve for sub-shelf melt rate my 1 (x, y), am-
bient ocean temperature T4 (x,y), and salinity Sk4+1 (x,y)
(given by the local solution of Egs. 13, A13 and A8, respec-
tively) based on the previous solutions Sy and 7} in box By
and conditions at the ice—ocean interface. PICO provides the
boundary conditions T} and S to box By as the average
over the ice-grid cells within box By, i.e.,

Ty = (T (x,y) with (x,y) in By) (12)

and analogously for Si, where () denotes the average.

The overturning is solved in Box Bj and given by g =
(g (x,y) with (x,y) in B). Melt rates in box Bj are com-
puted using the local overburden pressure pi (x,y) in each
ice-shelf grid cell that is given by the weight of the ice col-
umn provided by PISM, i.e.,

*

me (x, y) = —Z—; @Sk (x.y) +b—cpe (x.y) — T (x.)) . (13)

This reflects the pressure dependence of heat available for
melting and leads to a depth-dependent melt rate pattern
within each box. The implications for energy and mass con-
servation are discussed in Sects. 3.2 and 4.

3 Results for present-day Antarctica

We apply PICO to compute sub-shelf melt rates for all
Antarctic ice shelves under present-day conditions. Oceanic
input for each ice shelf is given by observations of temper-
ature (converted to potential temperature) and salinity (con-
verted to practical salinity) of the water masses occupying the
sea floor on the continental shelf (Schmidtko et al., 2014),
averaged over the time period 1975 to 2012. Water masses
within an ice-shelf cavity originate from source regions: ne-
glecting ocean dynamics, we approximate these by averaging
ocean properties on the depth of the continental shelf within
regions that are chosen to encompass areas of similar, large-
scale ocean conditions. Oceanic input is given for 19 basins
of the Antarctic Ice Sheet, which are based on Zwally et al.
(2012) and extended to the attached ice shelves and the sur-
rounding Southern Ocean (Fig. 2). For each ice shelf, tem-
perature T and salinity Sy in box By are obtained by av-
eraging the basin input weighted with the fractional area of
the shelf within the corresponding basin. Figure 2 shows the
basin-mean ocean temperature (shadings and numbers) and
salinity (numbers) used.?

Here, we use npax = 5 from which PICO determines the
number of ocean boxes in each shelf via Eq. (9). Figure 3

3We combine drainage sectors feeding the same ice shelf, e.g.,
all contributory inlets to Filchner-Ronne or Ross Ice Shelves. We
also consolidate the basins “IceSat21” and “IceSat22” (Pine Island
Glacier and Thwaites Glacier) as well as “IceSat7” and “IceSat8”
in East Antarctica.

The Cryosphere, 12, 1969-1985, 2018



1974

R. Reese et al.: Antarctic sub-shelf melt rates via PICO

-1.65 °C|:
34.48 psp: -1.58 °C
17 o 34.49 psu
. . 1 ., -1,
0.23 °C+ 8 19 " 3470psu___..X--
34.70pspi-1.23 °C . -1.51°C
o 34.76 psyl 34.5 psu
60°S |
-1.80 °C.
34.84 psy
L | 4 1.5
o N 1.0
1.17 *CN@ 34.70 psy
34.84 psu
AL - 0.5
@
- 0.0 \E-/
TTTTTI0AcCl R i g
34.86 psu 05 2
- - =05 4
' g
. o
Y 2
| —1.0
047 °C* —~ -
34.73 psyr Bh3 I 15
“..-0.36 °C —-2.0
» '34.58 psu -0.73°C_
60° S ‘~ 34.73 psu'\'
B 34.79 psu 2
-1.30 °C
34.84 psu 34.75 psu
150°W 180° 150° E

Figure 2. PICO input for Antarctic basins. The ice sheet, ice shelves and the surrounding Southern Ocean are split into 19 basins that
are based on Zwally et al. (2012) and indicated by black contour lines and labels. For each ice shelf, the governing equations are solved
separately with the respective oceanic boundary conditions. For ice shelves that cross basin boundaries, the input is averaged, weighted with
the fractional area of the shelf within the corresponding basin. Numbers show the temperature and salinity input in each basin, obtained by
averaging observed properties of the ocean water in front of the ice-shelf cavities at depth of the continental shelf (Schmidtko et al., 2014),
indicated by the color shading. Grey lines show Antarctic grounding lines and ice-shelf fronts (Fretwell et al., 2013).

displays the resulting extent of the ocean boxes for Antarc-
tica, ordered in elongated bands beneath the ice shelves. For
the large ice-shelf cavities of Filchner-Ronne and Ross, the
ice—ocean boundary is divided into five ocean boxes while
smaller ice shelves have two to four boxes (see Table 2). In-
troducing more than five ocean boxes has a negligible effect
on the melt rates, as discussed in Sect. 3.2.

To validate our model, we run diagnostic simulations with
PISM+PICO based on bed topography and ice thickness
from BEDMAP2 (Fretwell et al., 2013), mapped to a grid
with 5km horizontal resolution. Diagnostic simulations al-
low us to assess the sensitivity of the model to the parameters
C and y{ and to the number of boxes nmax as well as the ice
model resolution. Transient behavior is exemplified in a sim-
ulation starting from an equilibrium state of the Antarctic Ice

The Cryosphere, 12, 1969-1985, 2018

Sheet forced with ocean temperature changes, see Video S1
in the Supplement and Sect. 3.3.

3.1 Sensitivity to model parameters C and yy

We test the sensitivity of sub-shelf melt rates to the model
parameters for overturning strength C € [0.1, 9] Svm’ kg™!
and the effective turbulent heat exchange velocity yf € [5 x
107%, 1 x 107*1ms~'. These ranges encompass the values
identified in OH10, discussed further in Appendix A. The
same parameters for C and y{ are applied to all shelves. We
constrain the results by the following qualitative criteria (1)
and (2), as well as the quantitative constraints (3) and (4),
summarized in Fig. 4:

Criterion (1). Freezing must not occur in the first box By
of any ice shelf, i.e., the ocean box closest to the ground-

www.the-cryosphere.net/12/1969/2018/
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Figure 3. Extent of PICO ocean boxes for Antarctic ice shelves. Most ice shelves are split into two, three, or four ocean boxes interacting
with the ice cells on a much higher resolution. The largest ice shelves, Filchner-Ronne and Ross, have five ocean boxes. One ocean box
typically corresponds to many ice-shelf grid cells.

Table 2. Results from the reference simulation as displayed in Fig. 5.

Ice-shelf by Ty So Ty Sn AT AS q m Mobserved
Larsen C 3 —133 3460 —202 3428 -0.69 —-032 0.16 0.76 0.45 £ 1.00
Wilkins, Stange, Bach, George VI 4 1.17 3467 —141 3348 —-258 —1.19 0.32 9.50 1.46 £ 1.00
Pine Island 2 046 3455 -049 3412 —-094 —-044 0.17 16.15 16.20 % 1.00
Thwaites 2 046 3455 —-0.62 3406 -1.07 -050 0.13 1455 17.73+£1.00
Getz 3 —-037 3441 -—-1.63 3383 —-126 —-0.58 0.23 7.04 426 £0.40
Drygalski 3 —1.84 3478 —-2.03 3469 -0.19 -0.09 0.02 0.69 3.27 £ 0.50
Cook 2 —1.62 3458 —194 3443 -032 -0.15 0.05 2.63 1.33 £ 1.00
Ninnis 2 —1.62 3458 —1.88 3445 -026 —0.12 0.04 3.63 1.17 £ 2.00
Mertz 3 —1.62 3458 —199 3440 -038 —0.17 0.04 1.46 1.43 £ 0.60
Totten 2 —0.68 3457 —126 3429 -059 -027 0.13 9.90 10.47 +£0.70
Shackleton 3 —1.69 3448 —-2.03 3432 -034 -0.16 0.07 0.42 2.78 £ 0.60
West 2 —1.69 3448 —201 3433 -032 -0.15 0.07 1.17 1.74 £ 0.70
Amery 3 —1.72 3453 216 3433 —-043 —-020 0.16 0.55 0.58 £ 0.40
Baudouin 3 —1.55 3433 =206 3409 -051 -0.23 0.12 0.50 0.43 £0.40
Fimbul 3 —1.57 3432 =206 3410 -049 —-023 0.10 0.56 0.57 £0.20
Riiser-Larsen 3 —1.66 3453 —206 3434 —-040 —-0.19 0.09 0.43 0.20 £ 0.20
Stancomb, Brunt 3 —1.66 3453 —-2.01 3437 -035 -0.16 0.08 0.35 0.03 £0.20
Filchner-Ronne 5 =176 3465 —2.19 3445 -043 -020 0.21 0.06 0.32 £0.10
Ross 5 —158 3463 —2.12 3438 -053 -025 0.17 0.06 0.10 £0.10

The number of boxes for each is ice-shelf is given by by, Ty (Sp) is the temperature (salinity) in ocean box By, Tj, (S, ) the temperature (salinity) averaged over the ocean
box at the ice-shelf front, AT = T;, — Ty and AS = S, — Sg. m is the average sub-shelf melt rate, mgpgerveq the observed melt rates from Rignot et al. (2013). g is the

overturning flux. Unit of temperatures is °C, salinity is given in PSU, melt rates in ma~! and overturning flux in Sv.
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Figure 4. Sensitivity of PICO sub-shelf melt rates to the overturning coefficient C and the effective turbulent heat exchange coefficient
vt Black contour indicates the valid range of parameters, all other parameter combinations are excluded by one of the following criteria:
no freezing may occur in the first ocean box (a), mean basal melt rates must decrease between the first and second ocean box (b). Green
contour indicates the valid range of parameters where the following quantitative constraints are additionally met: mean basal melt rates for
Filchner-Ronne Ice Shelf should be within the range of 0.01 to 1.0 ma~! (¢), mean basal melt rates for Pine Island Glacier Ice Shelf should
be within the range of 10.0 to 25.0 ma~! (d). The best-fit parameters (brown contour) minimize the root-mean-square error of mean melt

rates to observations for both ice shelves.

ing line. Freezing in box B; would increase ambient salinity,
and since the overturning circulation in ice-shelf cavities is
mainly haline driven, the circulation would shut down, vio-
lating the model assumption g > 0 (see Sect. 2). As shown
in Fig. 4a, the condition is not met for a combination of rel-
atively high turbulent heat exchange and relatively low over-
turning parameters. In such cases, freezing near the ground-
ing line occurs because of the strong heat exchange between
the ambient ocean and the ice—ocean boundary in box Bj that
cannot be balanced by the resupply of heat from the open
ocean through overturning.

Criterion (2). Sub-shelf melt rates must decrease between
the first and second box for each ice shelf. This condition is
based on general observations of melt-rate patterns and on
the assumption that ocean water masses move consecutively
through the boxes and cool down along the way, as long
as melting in these boxes outweighs freezing. As shown in
Fig. 4b, this condition is violated for either high overturning
and low turbulent heat exchange or, vice versa, low overturn-
ing and high turbulent heat exchange. An appropriate balance
between the strength of these values is hence necessary for a
realistic melt rate pattern.

The Cryosphere, 12, 1969-1985, 2018

If criterion (1) or (2) fails, basic assumptions of PICO are
violated. Thus, we choose the model parameters yT* and C
such that both criteria are strictly met. The following quan-
titative, observational constraints (3) and (4) compare mod-
eled average melt rates with observations and thus depend
on our choice of valid ranges. We choose Filchner-Ronne Ice
Shelf and the ice shelf adjacent to Pine Island Glacier to fur-
ther constrain our model parameters for Antarctica. These
shelves represent two different types regarding both the mode
of melting and the ice-shelf size.

Observational constraint (3). Average melt rates in
Filchner-Ronne Ice Shelf comply with the classification of
a “cold” cavity and lie between 0.01 and 1.0ma~" (Fig. 4c).

Observational constraint (4). For Pine Island Glacier, with
“warm” ocean conditions, average melt rates lie between 10
and 25ma~! (Fig. 4d).

Generally, an increase in overturning strength C will sup-
ply more heat and thus yield higher melt rates, especially
for the large and “cold” ice shelves like Filchner-Ronne.
Larger C leads to higher melt rates also in the smaller and
“warm” Pine-Island Glacier Ice Shelf but the effect is less
pronounced. In contrast, the turbulent heat exchange alters
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Figure 5. Sub-shelf melt rates for present-day Antarctica computed with PISM+PICO. The mean melt rate per ice shelf (upper numbers) is
compared to the observed melt rates (lower numbers with uncertainty ranges) from Rignot et al. (2013). In the model, the same parameters
yr=2x 109 ms~ ! and C = 1Svm3 kg_1 are applied to all ice shelves around Antarctica. The respective oceanic boundary condition are
shown in Fig. 2. Ice geometry and bedrock topography are from the BEDMAP?2 data set on 5 km resolution (Fretwell et al., 2013). Refreezing

occurs in some parts of the larger shelves like Filchner-Ronne and Ross.

melting, particularly in small ice shelves, while it might de-
crease melt rates in large ice shelves with “cold” cavities.
Hence, modeled melting in the Filchner-Ronne Ice Shelf is
dominated by overturning while in the Amundsen region
melting is dominated by turbulent exchange across the ice—
ocean boundary layer. For three different parameter com-
binations, the resulting spatial patterns of melt rates in the
Filchner-Ronne and Pine Island regions are displayed in
Fig. S1 in the Supplement.

All of the above criteria restrict the parameter space to a
bounded set with lower and upper limits as depicted by the
green contour lines in Fig. 4. We determine a best-fit pair of
parameters which minimizes the root-mean-square error of
average melt rates for both ice shelves. The valid range of
model parameters around the best-fit parameters with C =
1Svm3kg™! and Yr=2x 1073 ma~! compares well with
parameters found in OH10 and Holland and Jenkins (1999),
discussed further in Appendix A.
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3.2 Diagnostic melt rates for present-day Antarctica

Using the best-fit values C =1Svm3kg™! and y; =2 x

107> ms~! found in Sect. 3.1, we apply PICO to present-day
Antarctica, solving for sub-shelf melt rates and water prop-
erties in the ocean boxes. This model simulation is referred
to as “reference simulation” hereafter.

The average melt rates computed with PICO range from
0.06ma~! under the Ross Ice Shelf to 16.15ma~! for the
Amundsen Region (Fig. 5). Consistent with the model as-
sumptions, melt rates are highest in the vicinity of the
grounding line and decrease towards the calving front. In
some regions of the large ice shelves, refreezing occurs, e.g.,
towards the center of Filchner-Ronne or Amery ice shelves.
The melt pattern depends on the local pressure melting tem-
perature. Thus, melt rates are highest where the shelf is thick-
est, i.e., near the grounding lines within box Bj. Further-
more, freezing and melting can occur in the same box de-
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Figure 6. Sensitivity of PICO sub-shelf melt rates to ocean temper-
ature changes for the entirety of Antarctica (black), Filchner-Ronne
Ice Shelf (blue), and Pine Island Glacier Ice Shelf (red). Ocean input
temperatures are varied by 0.1 up to 2 °C. Melting depends quadrat-
ically on temperature for “cold” cavities like the one adjacent to
Filchner-Ronne, and linearly for “warm” cavities like the ones in
the Amundsen Region.

termined by local ice-shelf thickness. For the vast major-
ity of ice shelves, the modeled average melt rates compare
well with the observed ranges derived from Table 1 in Rig-
not et al. (2013). Exceptions are the Wilkins and Stange ice
shelves (in basin 16) with average modeled melt rates of
9.50ma~!, which is much higher than the observed range
of 1.46 + 1.0ma~!. This is most likely due to the ocean
temperature input for this basin (1.17 °C, see Fig. 2) which
is higher than for the basin containing Pine Island located
nearby (0.47 °C, basin 14), explaining why the melt rates are
of the same order of magnitude in these basins. Modification
of water masses flowing into the shelf cavities, not captured
by PICO, might explain the low observed melt rates in this
area despite the relatively high ocean temperatures.

For all ice shelves, ocean temperatures and salinities con-
sistently decrease in overturning direction, i.e., from the
ocean reservoir box By to the last box adjacent to the ice
front B,,, as shown in Table 2. Most shelves contain small
areas with accretion with a maximum rate of —1.22ma~!
for the Amery Ice Shelf, see Table S1 in the Supplement. No
freezing occurs at the Western Antarctic Peninsula nor in the
Amundsen and Bellingshausen Seas. A detailed map of sub-
shelf melt rates in this region as well as for Filchner-Ronne
Ice Shelf can be found in the middle panels of Fig. S1. For
the Filchner-Ronne Ice Shelf melt rates vary between —0.67
and 1.76 ma~! and for Pine Island Glacier, melt rates range
from 12.39 t0 21.01 ma~".
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PICO tends to smooth out melt rate patterns, see Fig. S4:
for Filchner-Ronne and Ross ice shelves the deviations in
observed melt rates (Moholdt et al., 2016) from the average
melting are larger than the deviations modeled in PICO. The
box-wide averages compare well and are at the same order
of magnitude for both ice shelves, except for modeled ac-
cretion in the later boxes towards the shelf front which is
not reflected in the observations. This disagreement might be
explained by the fact that the overturning circulation in the
model cannot reach neutral density and detach from the ice-
shelf base while flowing towards the shelf front.

Aggregated over all Antarctic ice shelves, the total melt
flux is 1718 Gta~ !, close to the observed estimate of 1500 &
237 Gta™! (Rignot et al., 2013). Overturning fluxes in our
reference simulation range from 0.02 Sv for the small Dry-
galski Ice Shelf to 0.32 Sv for Wilkings, Stange, Bach and
George VI ice shelves. Because these are treated in PICO as
one ice shelf and they have a high input temperature, these
ice shelves reach together this high overturning value. The
second highest value of 0.23 Sv is found for Getz Ice Shelf
in the Bellingshausen Sea. These overturning fluxes compare
well with the estimates in OH10.

PICO solves the system of governing equations locally
in each ice-model grid cell and calculates input for each
ocean box as an average over the previous box as described
in Sect. 2.4. Due to these model assumptions and because
temperature, salinity, overturning and melting are non-linear
functions of pressure in the first box (Eq. A12), mass and
energy are a priori not perfectly conserved. In Table S1, we
compare (within individual shelves) heat fluxes into the ice-
shelf cavities with the heat flux out of the cavities into the
ocean and the latent heat flux for melting. For the whole of
Antarctica, the deviation in heat flux is 403.63 GJs~! which
is equivalent to 2.2 % of the latent heat flux for melting. The
per basin deviations are generally low (< 5 %), except around
the large Filchner-Ronne and Ross ice shelves (68 and 43 %).
In PICO we assume ¢ to be constant, neglecting changes due
to melt water input along the shelf base. This melt water in-
put amounts to 3.06 % or less of the overturning flux within
ice shelves, and 0.62 % for the entire continent, discussed in
Sect. 2.1.

Melt rates are strongly affected by changes in the ambi-
ent ocean temperatures, see Fig. 6. The dependence is ap-
proximately linear for high and quadratic for lower ambient
ocean temperatures. This relationship is similar to the one
observed in OH10 and as expected from the governing equa-
tions. In Pine Island Glacier, melt rates increase by approx-
imately 6ma~! per degree of warming. Changes in the ice-
sheet model resolution have little effect on the resulting melt
rates (Fig. S2). For increasing the maximum number of boxes
nmax, average melt rates converge to almost constant values
for nmax > 5 within all basins, compare Fig. S3.
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3.3 Transient evolution of PICO boxes and melt rates

PICO is capable of adjusting to changing ice-shelf geome-
tries and migrating grounding lines. We demonstrate its be-
havior as a module in PISM in a transient simulation. Based
on an Antarctic equilibrium state at 8 km resolution compa-
rable to the state submitted to initMIP (Nowicki et al., 2016),
we run PISM+PICO over time with a simple temperature
forcing applied: starting from equilibrium conditions, ocean
temperatures increase linearly over 50 years until an ocean-
wide warming of 1°C is reached. It is then held constant
over the next 250 modeled years. The Video S1 shows the
temporal evolution of the ocean temperature input for the ice
shelf adjacent to Pine Island Glacier as well as the Filchner-
Ronne Ice Shelf. The ocean temperature increase enhances
the sub-shelf melting for both ice shelves, especially in the
first box. Ice-shelf thinning reduces buttressing and causes
the grounding lines to retreat with the ocean boxes adjusting
accordingly.

4 Discussion

PICO models the dominant vertical overturning circulation
in ice-shelf cavities and translates ocean conditions in front
of the ice shelves, either from observations or large-scale
ocean models, into physically based sub-shelf melt rates.
For present-day ocean fields and ice-shelf cavity geometries,
PICO as an ocean module in PISM reproduces average melt
rates of the same order of magnitude as observations for most
Antarctic ice shelves. With a single combination of over-
turning parameter C and effective turbulent heat exchange
parameter y{ applied to all shelves, a wide range of melt
rates for the different ice shelves is obtained, reproducing the
large-scale patterns observed in Antarctica. The results are
consistent across different ice-sheet and cavity model reso-
lutions. Additionally, PICO reproduces the common pattern
of maximum melt close to the grounding line and decreas-
ing melt rates towards the ice-shelf front, eventually with re-
freezing in the shallow parts of the large ice shelves. The gov-
erning model equations are solved for individual grid cells of
the ice sheet model (and not for each ocean box with repre-
sentative depth value), which allows spatial variability in the
resulting melt rate field at comparatively smaller scale. PICO
can adapt to evolving cavities and is applicable to ice shelves
in two horizontal dimensions. It is hence suited as a sub-shelf
melt module for ice-sheet models.

Yet PICO is a coarse model designed as an ocean cou-
pler for large-scale ice-sheet models. It is based on the OH10
model and hence shares some simplifying assumptions with
that model: PICO does not resolve ocean dynamics and it
parameterizes the vertical overturning circulation in the ice-
shelf cavities which is given by one value for each ice shelf.
The underlying box model equations of PICO do not resolve
horizontal ocean circulation in the ice-shelf cavities driven
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by the Coriolis force nor seasonal melt variation due to in-
trusion of warm water from the calving front during Austral
summer. Hence, we do not expect that horizontal variations
or small scale patterns of basal melt are accurately captured
in PICO. Due to the box model formulation, maximum melt-
ing in PICO is found directly at the grounding line and not
slightly downstream as seen in the high-resolution coupled
ice—ocean simulation by, e.g., De Rydt and Gudmundsson
(2016). We find that PICO tends to produce smoother melt
rate patterns than observed, though the box-wide averages
are in good agreement with observations. The effect on ice
dynamics of small-scale differences in melt patterns in re-
lation to the large-scale mean melt fluxes is not well estab-
lished yet and needs further investigation. Following OH10,
meltwater does not contribute to the volume flux in the cavity
in PICO, introducing a minor error regarding mass conserva-
tion. The relative error regarding mass conservation is how-
ever small and below 0.7 % of the total overturning strength
in our reference run.

A necessary condition for the box model to work is fur-
ther the assumption that melting outweighs accretion in box
By which is consistent with the majority of available obser-
vations. In PICO, melt rates show a quadratic dependency
on ocean temperature input for lower temperatures, e.g., in
the Filchner-Ronne basin, and a rather linear dependency for
higher temperatures, e.g., in the Amundsen basin. This is
consistent with the results from OH10 and the implemented
melting physics assuming a constant coefficient for turbu-
lent heat exchange. In contrast, P. R. Holland et al. (2008)
employ a dependency of the turbulent heat exchange coef-
ficient on the velocity of the overturning circulation, sug-
gesting melt rates to respond quadratically to warming of the
ambient ocean water. Here we follow the approach taken in
OHI10.

Differently from the OH10 model and relying on much
longer timescales of ice dynamics in comparison to ocean
dynamics, PICO assumes the overturning circulation to be
in steady state. In their analysis, OH10 find unstable verti-
cal water columns to occur only transiently, and hence for
PICO a stable stratification of the vertical water column is as-
sumed. Under these conditions, diffusive transport between
the boxes is generally small in OH10 and it is hence omit-
ted in PICO. Because PICO also does not consider vertical
variations in ambient ocean density, under-ice flow is pre-
vented from reaching neutral density and detaching from the
ice-shelf base on its way towards the shelf front. The spa-
tial pattern of melting closer to the calving front of cold ice
shelves may in such cases be not represented well.

PICO input is determined by averaging bottom tempera-
tures and salinities over the continental shelf, this is done
for 19 different basins. Hence PICO — as a coarse model —
misses the nuances of how ocean currents transport and mod-
ify CDW over the regions being averaged. The procedure to
determine melt rates in PICO is based on the assumption that
ocean water that is present on the continental shelf can ac-
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cess the ice-shelf cavities and reach their grounding lines.
This implies for example, that barriers like sills that may pre-
vent intrusion of warm CDW are not accounted for and might
explain why PICO melting is too high for the ice shelves lo-
cated along the Southern Antarctic Peninsula. Such phenom-
ena could be tested by varying the ocean input of PICO by
evolving the temperature and salinity outside of the cavity
over time. Because of the dependence of sub-shelf melting
on the local pressure of the ice column above, the model is
not fully energy conserving. For the estimated heat fluxes, the
relative error is lower than 2.2 % of the latent heat flux due to
sub-shelf melting. Hence, we consider our choice of model
simplifications as justified, as it introduces small errors in the
heat and mass balances in our reference simulation.

PICO is computationally fast, as it uses analytic solutions
of the equations of motion with a small number of boxes
along the ice shelf. As boundary conditions for PICO are
aggregated based on predefined regional basins, the model
can act as an efficient coupler of large-scale ice-sheet and
ocean models. For this purpose, heat flux into the ice should
be added to the boundary layer melt formulation.

5 Conclusions

The Antarctic Ice Sheet plays a vital role in modulating
global sea level. The ice grounded below sea level in its ma-
rine basins is susceptible to ocean forcing and might respond
nonlinearly to changes in ocean boundary conditions (Mer-
cer, 1978; Schoof, 2007). We therefore need carefully esti-
mated conditions at the ice—ocean boundary to better con-
strain the dynamics of the Antarctic ice and its contribution
to sea-level rise for the past and the future.

The PICO model presented here provides a physics-based
yet efficient approach for estimating the ocean circulation be-
low ice shelves and the heat provided for ice-shelf melt. The
model extends the one-horizontal dimensional ocean box
model by OH10 to realistic ice-shelf geometries following
the shape of the grounding line and calving front. PICO is a
comparably simple alternative to full ocean models, but goes
beyond local melt parameterizations, which do not account
for the circulation below ice shelves. We find a set of possi-
ble parameters for present-day ocean conditions and ice ge-
ometries which yield PICO melt rates in agreement with av-
erage melt rate observations. PICO qualitatively reproduces
the general pattern of ice-shelf melt, with high melting at
the grounding line and low melting or refreezing towards
the calving front. Its sensitivity to changes in input ocean
temperatures and model parameters is comparable to earlier
estimates (Holland and Jenkins, 1999; Olbers and Hellmer,
2010). The model accurately captures the large variety of ob-
served Antarctic melt rates using only two calibrated param-
eters applied to all ice shelves.
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The ocean models that are part of the large Earth system
and global circulation models do not yet resolve the circula-
tion below ice shelves. PICO is able to fill this gap and can
be used as an intermediary between global circulation mod-
els and ice sheet models. We expect that PICO will be useful
for providing ocean forcing to ice sheet models with the stan-
dardized input from climate model intercomparison projects
like CMIP5 and CMIP6 (Taylor et al., 2012; Meehl et al.,
2014; Eyring et al., 2016). Since PICO can deal with evolv-
ing ice-shelf geometries in a computationally efficient way, it
is in particular suitable for modeling the ice sheet evolution
on paleo-climate timescales as well as for future projections.

PICO is implemented as a module in the open-source Par-
allel Ice Sheet Model (PISM). The source code is fully ac-
cessible and documented as we want to encourage improve-
ments and implementation in other ice sheet models. This
includes the adaption to other ice sheets than present-day
Antarctica.

Code availability. The PICO code used for this publication is avail-
able under Reese et al. (2018). For further use of PICO please refer
to the latest version at https://github.com/pism/pism/commits/dev.

Data availability. The data that support the findings of this study
are available from the corresponding authors upon request.
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Appendix A: Derivation of the analytic solutions

Here, we derive the analytic solutions of the equations sys-
tem describing the overturning circulation (see Sect. 2.1) and
the melting at the ice—ocean interface (see Sect. 2.2).

For box By with k > 1 we solve progressively for melt rate
my, temperature T} and salinity Sy in box By, dependent on
the local pressure pi, the area of box adjacent to the ice-
shelf base Ay and the temperature 7;_; and salinity Sx_; of
the upstream box Bj_;. For box Bj, we additionally solve
for the overturning ¢ as explained below. These derivations
advance the ideas presented in the appendix of OH10. As-
suming steady state conditions, the balance Egs. (1) and (2)
for box By from Sect. 2.1 are

0= q (Tx—1 — Tx) + Axyr (Tpk — Tx) + Axmy (Tpk — Ti),
0=q (Sk—1 — Sk) + Arys (Spx — Sk) + Agmy (Spr — Sk) . (A1)

The heat fluxes balance at the boundary layer interface, i.e.,
the heat flux across the boundary layer due to turbulent mix-
ing Ot = pwcpyt (Tpor — Ti) equals the heat flux due to melt-
ing or freezing Oty = —pjLmy, omitting the heat flux into
the ice. This yields

T (Tpre — Ti) = —vamy, (A2)

where v = pj/pw ~ 0.89, A = L/c, ~ 84 °C. Regarding the
salt flux balance in the boundary layer, with Qs =
pwys (Spk — Sk) at the lower interface of the boundary
layer and “virtual” salt flux due to meltwater input Qgsp =
—piSprmy, we obtain

vs (Spk — Sk) = —VSpkmy. (A3)
Inserting Egs. (A2) and (A3) into Egs. (A1) yields

0=q (Tk—1 — Ti) — Agmpvi + Agmi (Tpk — Tk)

0=¢q (Sk—1 — Sx) — AxmpvSpx + Armi (Spk — Sk) -
Comparing (Tpr — Tx) K vA & 75°C, allows us to neglect
the last term in the temperature equation. Considering the
last two terms of the salinity equation, we find that S >
(1 —v) Spx = 0.1 Spx, allowing us to neglect the terms con-
taining Spx, which simplifies the equations to

0=q (Ti—1 — T) — Axvimy

0=q (Sk—1 — Sk) — ArmpSk. (Ad)
We use a simplified version of the melt law described by
McPhee (1992) and detailed in Sect. 2.2, which makes use

of Egs. (6) and (5) in which the salinity in the boundary layer
Sy 1s replaced by salinity of the ambient ocean water:

*
mkz—);—i(aSk+b—cpk—Tk). (AS)

Holland and Jenkins (1999) suggest that this simplification
requires y; to be a factor of 1.35 to 1.6 smaller than yr
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in the 3-equation formulation for the constant values of yr
ranging from 3 x 107> to 5 x 107> ms~! used in OH10. This
implies that y{ ranges from 2.2 x 1075t03.2x 102 ms™!,
which is consistent with the parameter range we derive in
Sect. 3.1. We apply this assumption in the computation of
melt rates. For the solution of the transport Egs. (A1), it is
essential to take the salinity of the boundary layer Sy into ac-
count, since otherwise the salinity transport equation would
reduce to Sy = Sx—1 and the overturning circulation, which
is predominantly haline driven, would be reduced. Inserting
the simplified melt law in Eq. (A4) yields

*

0=q(Tj—1—Tj) +Ak:_i @Sk +b—cpr —Ti) vA,
ri

0=q (Sk—1— S+ Akﬁ @Sk +b—cpk —Ti) Sk.

Replacing x = Ty—1 — Tg, y = Sk—1 — Sk, T* = aSg—1 +b —
cpk — Ti—1, g1 = Axyy and g2 = &1, we obtain

0=gx+g (T*+x—ay), (A6)
0=qy+gSk1—y)(T"+x—ay). (A7)

We simplify the previous equations as follows. Rewriting
Eq. (A6) as

(T*+x—ay) = —ar
81

and inserting it into Eq. (A7), we obtain

0=¢qy+g(Sk-1—) (—ﬂ) =qy —CIXM
81 VA
<= 0=vAy — Sg_1x +xy
<< 0=WA+x)y— Sk—1x
Sk_1x
VA+x

Note that we can divide the first line by ¢ since, by the model
assumptions, ¢ > 0. Because x = Tj—| — T K vA =~ 75°C,
we may approximate

N Sk_1x

1 (A8)

Using this approximation, we may proceed to solve the sys-
tem of equations. Since we also need to solve for the over-
turning g in box By, which is adjacent to the grounding line, a
slightly different approach is needed than for the other boxes,
as discussed in the next section.

A1l Solution for box By

The overturning flux g is parameterized as

g=Cps(B(So—S1)—a(To—T1)), (A9)
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in the model, see Sect. 2.1. Substituting this equation into
Egs. (A6) and (A7), we obtain

81

0=ax>—Bxy— T* +x —ay), (A10)

y Cp*( y)

0=_ﬁy2+axy—cjg; (So—y) (T*+x—ay). (ALl
”

Inserting the approximation for y from Eq. (A8) into the
Eq. (A10), we obtain a quadratic equation for x,

—o) 24 SL o —as)) =
(Bs —a)x +Cp* (T +x(1 as))—O,

with s =Sp/vA. Since as=—0.057 x Sy/74.76 =
—0.000762 x Sy <« 1, we can omit the last part of the
last term,

(ﬂs—a)x2+§—l(T*+x) =0.

%
Rearranging (assuming that Bs —« > 0, which we demon-
strate below), we obtain

2 81 aiT*
x° 4+ X =
Cpx(Bs —a) Cps(Bs —a)

and hence we obtain the solution

- &
T 2Cp(Bs —a)

" \/ ( 81 )2 _ar

2Cp4 (Bs —a) Cps (Bs —a)
The temperature in the box B; near the grounding line
is supposed to be smaller than in the ocean box By,
since, in general, melting will occur in box B; and hence
T1 < Tp, or equivalently x = Ty — T > 0. Furthermore, we
know that g1/ (Cps) = A1y1/(Cps) is positive, as all fac-
tors are positive. Since @ =7.5 x 1075, =7.7 x 10~* and
s = So/ (vA) = Sp/74.76 > 0.4, it follows that Bs > «. This
means that the first summand of Eq. (A12) is negative and
the second (negative) solution can be excluded. From here,
we use Ty = Top+x and y = xSp/ (vA) to solve for Ti, Si,
mq and q.

’

(A12)

A2 Solution for box By, k > 1

Now, we give the solution for the other boxes By with k >
1. By inserting the approximation for y in Eq. (A8) into
Eq. (A6), we can solve for x as

Sk—
0=¢gx+g (T*—i—x—a k 1x)
VA

—0=gx+gT " +g1x—graS—1x
= -al*=x(q+g —gSk1a)
— T*
—x = 81 . (A13)
qg+81—gaSk-1
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The denominator is positive, as all terms are positive, and the
sign of the numerator depends on T*. The equation can now
be solved for Ty, and then Eq. (A8) for S; and Eq. (13) for
my.

Appendix B: Motivation for geometric rule

Here, we want to motivate the rule that determines the extent
of the boxes under each ice shelf. The rule aims at equal areas
for all boxes. Assuming a half-circle with radius r = 1, we
want to split it into a fixed number n of equal-area rings. Gen-
eralized to the individual shapes of ice shelves, we will de-
fine the “radius” of an ice shelf as r = 1 — dgL/ (dGL + dIF).
We define r; =1 the outer (grounding-line ward) radius of
the half-circle ring covering an area A and corresponding
to box B; adjacent to the grounding line, r, as the outer
radius of second outer-most half-ring, etc. The box By is
then given by all shelf cells with horizontal coordinates (x,
y) such that ry1 <r(x,y) <ry where r,+1 = 0 is the cen-
ter point of the circle. We can use these to determine the
areas A, = O.Snr,%, A,—1=0.57 (r,i1 —r,%), e Ap_p =
0.5 (rffk — r;%—k+1)' If we require that Ay =Ar,=...=
A, then, solving progressively, r,—x = +/k+ 1r,. By our
assumption is 71 =1, hence 1 =r,_,—1) = /nry. This im-

plies that r, =1//n and thus r,_; = knil Hence, the

box B fork=1,...,nisdefinedas 1 —/(n—k+1)/n <
dor/(doL+dr) <1—/(n—k)/n.
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