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ABSTRACT

A high-end scenario of polar ice loss from the Greenland and Antarctic ice sheet is presented with sepa-
rate projections for different mass-loss sites up to the year 2100. For each large ice sheet three potential
sources of freshwater release to the ocean are considered: run-off from surface melt, basal melt through
heat exchange with the ocean, and iceberg calving and subsequent mass loss through melt of drifting ice-
bergs. The location and relative magnitude of freshwater forcing due to drifting icebergs is calculated
from a separate iceberg drift simulation. We assume fixed annual spatial patterns with magnitudes vary-
ing in time. These magnitudes are based on a severe warming scenario based on expert elicitation. The
resultant freshwater forcing is applied to a global climate model and the effects on sea-level rise are dis-
cussed. The simulations show strong sea level rise on the Antarctic continental shelves. The effect on the
Atlantic overturning circulation is very small, however.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

It is expected that the ice stored on Greenland and Antarctica
will diminish during the coming century. The estimates of the
amount so far have varied widely (Katsman et al., 2011; Pfeffer
et al., 2008; Rignot et al., 2011; Thomas et al., 2009). Nonetheless
it seems pertinent to incorporate this mass loss in Coupled Climate
Models (CCMs) when making projections of future climate change.
A rising global mean temperature is expected to enhance mass loss
of both the Greenland and the Antarctic ice sheet Gregory and
Huybrechts, 2006. Most of the current CCMs lack an interactive
ice sheet model to handle these processes dynamically. As we
should take into account this mass loss, we have to model the
response of the ice sheets in CCMs in another way. Our intent is
to provide a prescription of how this can be done for any ocean
model.

An ice sheet’s surface mass balance (SMB) is the amount of
water gained minus the amount lost. Many processes affect the
SMB of an ice sheet; those mentioned in Shepherd et al. (2012)
are solid and liquid precipitation, surface sublimation, drifting
snow transport, erosion and sublimation, melt-water formation,
re-freezing, retention, and run-off. An increased melt might lubri-
cate a glacier and increase its rate of retreat, leading to more ice-
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berg calving (see Greve and Blatter, 2009 for an introduction to
the dynamics of glaciers).

Most CCMs do not couple with an interactive ice sheet model
and can not be expected to model these mass loss processes due
to a warming climate. By prescribing the mass loss, this defect
can be compensated for. A prescription based on a plausible
high-end sea-level rise scenario is presented with the purpose to
be easily implemented in a CCM.

Parametrisations of ice sheet melting do exists (Beckmann and
Goosse, 2003; Wang and Beckmann, 2007), but are limited in their
scope and applicability to any particular climate model. A similar
problem exists with the parametrisation of iceberg calving (Alley
et al., 2008; Amundson and Truffer, 2010), where it is often cum-
bersome to include these parametrisations in an ensemble of dif-
ferent models.

Our manuscript is organised as follows. We begin with identify-
ing the processes at work and their locations. A motivation for the
freshwater projections is given in Sections 2 and 3. Details of how
the projections should be implemented is explained in Appendix A.
The effects on sea-surface height are discussed in Section 4. We
end with a summary.

1.1. Model description

We will show some results using the CCM EC-Earth (Hazeleger
et al., 2010, 2012) which does not include an interactive ice-sheet
module. EC-Earth consists of three computational components. The
atmosphere is modelled with the Integrated Forecast System (IFS),
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cycle 31r1 which has a resolution of 62 layers in the vertical and
triangular truncation at wavenumber 159 ECMWEF, 2006 (effec-
tively resolving ~ 130 km gridded). The ocean is modelled by the
Nucleus for European Modelling of the Ocean (NEMO) developed
by the Institute Pierre Simon Laplace at a resolution of approxi-
mately 1° in the horizontal (=~ 110 km) and 42 levels in the vertical
(Madec, 2008). The two are synchronised along the interface every
three model-hours by the OASIS3 coupler developed at the Centre
Europe en de Recherche et Formation Avances et Calcul Scientifi-
que (Valcke et al., 2004). The ocean model is further extended by
a sea-ice module of Louvain-la-Neuve (LIM) (Morales Maqueda
and Fichefet, 1997; Morales Maqueda et al., 2009).

The iceberg output used as forcing is derived from a modified
version of Bigg et al. (1996, 1997) iceberg model, developed by
Martin and Adcroft (2010) and coupled to ORCA025, an eddy-per-
mitting global implementation of the NEMO ocean model (Madec,
2008), to simulate the trajectories and melting of calved icebergs
from Antarctica and Greenland in the presence of mesoscale
variability and fine-scale dynamical structure.

Icebergs are treated as Lagrangian particles, with the distribu-
tion of icebergs by size derived from observations (see Bigg et al.,
1997 and Table 1). The momentum balance for icebergs comprises
the Coriolis force, air and water form drags, the horizontal pressure
gradient force, a wave radiation force, and interaction with sea ice.
The mass balance for an individual iceberg is governed by bottom
melting, buoyant convection at the side-walls and wave erosion
(see Bigg et al., 1997).

This configuration has been run for 14 years, and the associated
freshwater fluxes used here are averages over years 10-14. South-
ern Hemisphere calving and melting rates are in near balance after
10 years, but further decades of simulation would be needed for
global balance, due to slower equilibration of calving and melting
in the Northern Hemisphere. An average pattern of icebergs is
our primary interest, which is why we settled for a relatively short
integration time.

2. Mass loss processes and their locations

For our purposes a detailed treatment of various mass loss pro-
cesses is not necessary, because only the amount of freshwater
release applied to the ocean is of interest. Nevertheless, the many
different processes that affect the SMB indicate that uncertainties
are to be expected and distinction between mass loss processes
and geographical locations needs to be made (Shepherd et al.,
2012).

The most obvious response to increased atmospheric tempera-
tures is the melting of ice. This mass loss can be associated with

Table 1
Greenland tidewater glaciers used to define regions i and ii. (See Rignot and
Kanagaratnam, 2006 for an overview for Greenland glacial mass loss.)

Glacier Dinit (Gt/yr)
Region i
(a) Jakobshavn Isbrae 27
(b) Petermann 12.2
(c) Ryder 4.3
(d) Nioghalvfjerdsbrae 14.3
(e) Zacharia Isstrem 11.7
69.5
Region ii
(f) Helheim 26.2
(g) Ikertivaq 10.3
(h) Storstremmen 6.8
(i) Daugaard-Jensen 10.5
(j) Kangerdlugssuaq 27.9
81.7

adding freshwater directly offshore of the coast of the region
where the melt takes place. We designate this freshwater source
as run-off, or R for short. Run-off is contrasted with another form
of mass loss that produces icebergs. The calving of icebergs from
glaciers we call ice discharge, or D. The important difference is that
icebergs are free floating chunks of ice and can drift to other
locations and melt.

This last observation prompts us to introduce the distinction
between near (N) and far (F) freshwater forcing. A near forcing is
always adjacent to the coast of origin and a far forcing is not
restricted like this.

The output of the iceberg drift and melt simulation gives us
the location and relative magnitude of the far source of freshwa-
ter forcing. We assume spatial patterns on an annual cycle for
these contributions, with magnitudes varying in time. The scaling
factors are provided by the mass loss projections in the two polar
regions.

Glaciers not only calve blocks of ice, but (relatively) warm ocean
water will also melt tidewater glaciers when the two are in con-
tact. This is called basal melt (B) and takes place within the shelf
cavity. The ice discharge not melted away we call the ice flux (I).
Basal melting affects all glaciers and ice shelves but the extent is
determined by the local temperature of the water. Floating ice
shelves loose mass by the relatively warm ocean water compared
to the freezing point (Rignot and Jacobs, 2002). This melt contribu-
tion to freshwater release into the ocean is relatively small com-
pared to other forms of melt. Mass loss as a result of floating ice
shelves does not contribute to sea level rise (Jenkins and
Holland). However, in general (in equilibrium) this mass loss is bal-
anced by ice discharge from the grounded part of the glacier. If
basal melt actually forms a significant part of the ice discharge
from the glaciers the full D can not be treated as only due to ice-
berg calving. A fraction of D is released as freshwater run-off at
the glaciers’ calving face and the remainder is left available to drift
away in the form of icebergs. A certain fraction of D is added to N
with the remainder allocated to F. (For a schematic overview of
these labels see Fig. 1.)

In this section we will identify the regions we wish to treat sep-
arately on the basis of the different characteristics of mass loss
(processes) that differentiate them. We start by noting that Green-
land and Antarctica are the locations of the polar ice caps and pro-
ceed from there. We list important characteristic values (at present
day) where appropriate. In particular these will be basal melt frac-
tions (the fraction of the iceberg melted away before it is adrift, or
), and mass loss. Projections of future development of mass loss
are constructed in Section 3.

Both Greenland and Antarctica are covered by ice sheets, but
also differ substantially. Firstly, Antarctica stores a considerably
larger amount of ice (Hanna et al., 2008; Van Den Broeke et al.,
2011). Secondly, Greenland melt is expected to increase with a
decreasing surface mass balance (Hanna et al., 2008), whereas Ant-
arctica could also gain mass in the future (Church et al., 2013). A
third reason to distinguish between the two regions is the type
of glacier present. On this basis we subdivide further and segment

‘ Discharge ‘

‘ Basal melt‘ Ice flux‘

Far

Fig. 1. Schematic overview of mass-loss processes and their re-labelling.
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Greenland and Antarctica in smaller sections, each with their own
storyline.

2.1. Greenland

Greenland is expected to experience increased surface melt as
well as increased iceberg calving from its tidewater glaciers
Katsman et al., 2008. The three main tidewater glaciers we need
to consider are Jakobshavn Isbra in the west and Kangerdlugssuaq
and Helheim in the east (Rignot and Kanagaratnam, 2006) (see
Fig. A.10 for their locations). Smaller tidewater glaciers are located
in the north. Glaciers with relatively small discharge values are
ignored (Katsman et al., 2011). The glaciers in Table 1 not explicitly
mentioned are simply taken to be part of the region listed. A dis-
tinction must be made between the glaciers with termini that
are expected to retreat to above sea-level and those that are not
expected to do so during the coming century. The foremost exam-
ple of a glacier whose terminus will not retreat is Jakobshavn
Isbre, but the northern glaciers’ topography also prevent this
(Katsman et al., 2008). We then arrive at separate scenario projec-
tions, which roughly divide Greenland into three regions. The first
(n;) will consist of the northern tidewater glaciers and Jakobshavn
Isbre, which have non-retreating termini. The second region (n;)
covers the eastern tidewater glacier. These do have retreating ter-
mini. The third (n;;) region is the remainder, where surface melt is
the primary mass loss process. The glaciers that make up regions i
and ii are listed in Table 1.

2.2. Recent Greenland melt

There are three major glaciers in Greenland that will be consid-
ered here: Helheim, Kangerdlugssuaq and Jakobshavn. Of these,
Helheim and Kangerdlugssuaq do not have developed ice tongues'
(Thomas et al., 2009). Jakobshavn does have an ice tongue and for
this reason a substantial basal melt fraction is to be expected there.
A related reason is that Jakobshavn has a sill before its flux gate that
can trap the (warm) water that moves past it, and it is hypothesised
that this helps to increase the glacier’s flow rate (Holland et al., 2008;
Rignot et al., 2010), supported by the findings of Motyka et al.
(2011). A basal melt fraction of u = 0.29 for the Jakobshavn Isbra
was found (Motyka et al., 2011) before its ice tongue broke off in
2003. The ice tongue inhibits calving, but due to a larger surface area,
also enhances basal melt. More recent observations indicate that the
area of the glacier that is thinning is reaching ever further inward
(Thomas et al., 2009). This is found to be the case for the three major
Greenland glaciers, but Kangerdlugssuaq and Helheim show great
variability (Thomas et al., 2009). Glaciers that are part of the hydro-
logical cycle, but are not expected to increase their mass loss (see
Katsman et al., 2011), are ignored.

Other measurements of basal melt flux of three of Greenland’s
western glaciers are given in Rignot et al. (2010). The glaciers
run deep and have shallow sills that limit exchange of water with
the adjoining ocean. A range of u = 0.2-0.8 is found for the summer
basal melt. These glaciers might not be representative for the
larger western Greenland region, and the large variation in melt
fraction indicates critical dependence on local circumstances.

On the basis of these findings, we will assume the same basal
melt fractions for two of the three regions of Greenland. We
assume that the northern part suffers no basal melt, because of
the relatively low thinning rates found there (Thomas et al.,
2009). The other two regions are associated with (mostly) tide-
water glaciers, and the geographical similarity implies that we also

1 A floating protrusion of ice from a glacier which has a relatively large surface area
exposed to the ocean water.

expect similar temperature rise in sea water. The authors of
Thomas et al. (2009) find that especially glaciers with bed topogra-
phy well below sea-level (hundreds of metres) are thinning
rapidly.

The values given in Rignot et al. (2010) are for summer only.
Assuming two seasons of equal duration we take halve of these
values to be appropriate annual means. The average (¢ = 0.25) is
also comparable to the earlier quoted value of 0.29 for Jakobshavn
Isbre in the mid 1980s. If we assume, on the basis of thinning
rates, that a similar basal melt rate applies here we can use 0.25
for the relevant Greenland regions (n;; and ;).

2.3. Antarctica

Like Greenland, Antarctica has varying geography that leads to a
different treatment of each sub-region. In Katsman et al. (2008),
three areas that are at risk of enhanced mass loss are identified.
The first is the Amundsen Sea Embayment (ASE i, taken to corre-
spond to Pine Island and Twaites), which feeds the west Antarctic
Ice Sheet (WAIS). The second area consists of Totten glacier, Cook
ice-self glacier and Denman glacier (ii), which are large marine
ending glaciers feeding the east Antarctic Ice Sheet (EAIS). The final
region (iii) is the north Antarctic Peninsula (N-AP). Other ice
shelves that might be at risk are the Filchner Ronne and Brunt
ice shelf (Hellmer et al., 2012). As will be shown below, our imple-
mentation can easily take into account initial mass loss, if such a
storyline is considered appropriate.

2.4. Recent Antarctica melt

Basal melt rates have been determined for various Antarctic gla-
ciers in Rignot and Jacobs (2002). The values we use are the
grounding line ice flux and a downstream flux gate, as given in
their Table 1. If no basal melt were to occur, then the difference
between these two quantities would be zero (assuming no accu-
mulation or other ablation occurs as these authors do). The differ-
ence is then equal to the amount of melt that has occurred
between the grounding line and the gauge flux gate. We will name
this difference A¢ and let ¢ = A¢/D. We will summarise the find-
ings in Rignot and Jacobs (2002) per region in the following para-
graphs. We only discuss those regions and glaciers that are
expected to show a (substantial) increase in discharge by
Katsman et al. (2011). Those glaciers that are ignored do not con-
tribute to additional melt, but can still play a (substantial) part in
the hydrological cycle.

WAIS. The west Antarctic Ice Sheet (taken to correspond to the
glaciers Pine Island, Thwaites, Smith and Crosson, and Kohler and
Dotson in Rignot and Jacobs (2002)) shows A¢ = 59.5 Gt/yr. The
same region showed an ice discharge, D = 215 Gt/yr. The melt ratio
for this region is y, =59.5/215~0.30. More recent measure-
ments (Rignot et al., 2013) indicate that a larger melt ratio perhaps
is more appropriate. However, we will keep the lower value here.

EAIS. The value given for the eastern ice sheet region is
152 —93.3 = 58.7 Gt/yr of basal melt, or u, =0.15 (Rignot and
Jacobs, 2002).

N-AP. The northern peninsula region is not explicitly taken into
account in Rignot and Jacobs (2002), but the area geographically
closest to it (Evans and Ronne ice shelf) is given to have a basal
melt rate of 31.7 Gt/yr, and the corresponding region in Rignot
et al. (2008) (IH’, English Coast) has a 1996 ice discharge of
78 Gt/yr. We then find p, = 0.40. The basal melt ratios for the
Antarctic ice discharge are substantial and regionally dependent
on local temperature. This is elaborated in Rignot and Jacobs
(2002) where a 1K increase leads to an increase of 10 m/yr in
the basal melt rate.
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For Jakobshavn Isbrae we found a considerable basal melt frac-
tion, on par with the value found in the western Antarctic. The
putative values for the six scaling regions (three Greenland and
three Antarctic regions that have mass loss values controlled inde-
pendently from each other) considered are listed in Table 2.

2.5. Deposition area of freshwater release

The amount of basal melt is strongly connected to the charac-
teristics of the donor glacier and for this reason it would be unrea-
sonable to simply spread this freshwater along the entire
Greenland coast. We restrict the deposition to an area close to
the source glacier, and prescribe it as a mass flux at the surface.
The details of the horizontal distribution are given in Appendix A.

In Greenland, the major tide-water glaciers are Jakobshavn in
the west, and Kangerdlugssuaq and Helheim in the east. The total
amount of Greenland ice discharge is based on Rignot and
Kanagaratnam (2006) where a list of glaciers is provided. The loca-
tion of the given glaciers can be used to determine where the basal
melt component of the freshwater flux is to be placed. The same
procedure can be used for Antarctica. The discharge values we
use are taken from Rignot et al. (2008).

Because basal melt manifests itself as a freshwater forcing
already at the calving face, the corresponding fraction of D should
be applied to the coastal grid-cells. The effect is that the amplitude
of the ice discharge diminishes regionally, and is replaced by an
effective run-off component in the form of the near forcing. The
far forcing will be given by iceberg melt and is typically further
from the coast.

3. Mass loss scenarios and projections

A scenario consists of a storyline of some events to come
(Katsman et al., 2011). A projection is the future evolution of a par-
ticular variable (mass loss) based on a certain scenario. In the case
of sea-level rise, this implies a quantification of the amount of
additional water at a particular point in time (often the year
2100) added to the ocean. Since we not only want to consider an
accumulated loss, but also the progression in time, we will suggest
time-dependent projections of mass loss for each region identified
above. Firstly we treat the implications of the storyline given in
Katsman et al. (2011) for Greenland followed by the one for Ant-
arctica. The conversion values in Table 3 can be used to convert
between common units. For each scaling region a separate projec-
tion will be given.

The basal melt seems to relate directly to calving rates and not
so much to surface melt (Holland et al., 2008; Pritchard et al.,
2009). For this reason we will take the calving rate, when found

Table 2
Overview of melt ratios p for the Antarctic and Greenland scaling regions.
Greenland Antarctica
n; nji Njji Si Sii Siii
n 0 0.25 0.25 0.30 0.15 0.40

Table 3

Some conversion factors for the density of (fresh) water at 0°C and 1 atm. For
example, a 1 Sv sustained run-off over the course of a year is equivalent to a global
mean sea-level rise of 87.4 mm.

Gt/yr mm/yr Sv
Gt/yr 1 360 3.15-10%
mm/yr 2.78.1073 1 87.4
Sv 3.17-107° 0.0114 1

to increase slowly, to grow with a constant factor in basal melt pro-
jections below.

The basal melt rate is tightly coupled to the local temperature,
and in absolute terms to the extent of the ice sheet. When the
adjoining ice sheet collapses, the amplitude of the ice discharge
goes up tremendously, but the basal melt cannot be expected to
follow. Therefore, we can only attribute a certain fraction of D to
B as long as the ice sheet is in place (and its surface area is
unchanging). After a collapse, or even for a non-linear increase in
ice discharge (which will not scale exponentially after a collapse
if linked to temperature), the basal melt needs to be re-evaluated.
We suggest to set it to zero if a very non-linear event occurs, or
allow for a linear increase afterwards (cf. the WAIS in
Section 3.2.1).

Here, we provide a description of a set of projections of ice sheet
mass loss which follow a high-end scenario of ice loss from the
Greenland and Antarctic ice sheets (Katsman et al., 2011), to be
used in conjunction with a Representative Concentration Pathway,
RCP8.5 scenario (Taylor et al., 2012). For other RCP scenarios that
involve ice mass loss can be used by adjusting the appropriate
scaling.

3.1. Greenland

Greenland is at risk to experience both increased surface melt
and glacier retreat (Katsman et al., 2008). The latter is particularly
relevant for the Jakobshavn glacier which has already shown con-
siderable retreat (Holland et al., 2008). The processes at work are
assumed being the same for the glaciers in region i, and continue
to linearly increase the retreat rate during the coming century.
As a result, by the year 2100 the rate has been estimated to be four
times the current value (Katsman et al.,, 2011). In region ii, the
same progression is assumed, but a retreat to above the waterline
is expected by 2050, after which the mass loss rate returns to 1996
values (Rignot, 2006).

The increased global mean temperature is enhanced by local
feedback processes with a factor 1.6 (Gregory and Huybrechts,
2006), leading to a greater susceptibility of overall melt and
enhanced iceberg calving in region iii. The effect is assumed to
cause an increase of sea-level rise, which scales linearly with the
local temperature increase (Katsman et al., 2011).

3.1.1. Projection of run-off R

Ice cap run-off is expected to increase linearly with time. Green-
land’s contribution is expected to be largest of all regions experi-
encing melt, because its ice mass is more prone to melt due to
its location and the temperature feedback with the surrounding
ocean (Katsman et al., 2011).

The IPCC’'s AR5 (Church et al., 2013) (see their Table 13.5, the
RCP8.5 scenario) provides a high-end upper limit estimate of
0.13 m sea-level rise caused by the decrease of Greenland’s surface
mass balance (SMB). Pfeffer et al. (2008) estimate that Greenland’s
SMB can provide 71 mm and Antarctica 10 mm of sea-level rise.
The glaciers and ice caps not associated with these two regions
are expected to yield 80 mm. Currently, only Greenland’s SMB is
lessening (Bamber et al.; Shepherd et al., 2012).

Greenland run-off is given by Bamber et al. as 416 Gt/
yr 2 0.013 Sv. Fig. 13.9 in the AR5 (Church et al., 2013) indicates
that R is expected to increase. If we assume a linear melt rate
increase (during the 21st century), we obtain 1.3 - 1072 mm/yr?,
or a time-dependent rate of (converted with Table 3)

R(t) =0.013 +(2.96-10* . ) Sv (1)

for Greenland’s run-off R. The variable t is the number of years since
2000. Run-off is a forcing to be applied to (Greenland’s) coastal



40 J. van den Berk, S.S. Drijfhout/Ocean Modelling 81 (2014) 36-48

grid-cells in the model used. A simulation of Greenland’s run-off
also shows a linear progression (Mernild and Liston, 2012). The
projection of R is shown in Fig. 2. The value of 0.013 Sv is assumed
to be the value appropriate for hydrological balance and does not
contribute to any rise in sea-level.

3.1.2. Projection of discharge D

Here we give prescriptions for ice discharge in the scaling
regions that we distinguish. The initial rate is presumed to be bal-
anced before the epoch (t = 0), while the excess value forms the
additional imbalance. The initial rate is model-specific, we will
address this issue below in A.2. The time index ¢ is to be the
number of years since 2000 in all expressions that follow.

Greenland i. The northern glaciers and—in particular—Jakob-
shavn Isbra are expected to show a fourfold increase in their rate
of the retreat by 2100 (Katsman et al., 2011). Their behaviour is the
same in the east and south (see below), except that these termini
are not expected to retreat to above sea-level and in the north
retreat does not stop during the 21st century. A fraction of 0.18
of the current mass loss is allocated to these regions on the basis
of recent mass loss values (see Rignot and Kanagaratnam, 2006
for an overview for Greenland glacial mass loss),

3
Dy, (t) =69.5 - {m (t+4)+ 1} Gt/yr. (2)
The total sea level rise is 10 cm by 2100.

Greenland ii. A doubling of the rate of retreat of the eastern and
southern tide-water glaciers by 2050 followed by a return to the
balanced rates of 1996 (with 0.21 the fraction of 1996 mass loss,
see Table 1) gives,

1/54-(t+4)+1 t<50
{ t~ 50 Gt/yr. (3)

D, (t)=81.7-

Greenland iii. We use the updated values from IPCC's fifth
assessment report (Church et al., 2013), instead of the fourth
(Meehl et al., 2007) which was used in Katsman et al. (2008) and
Katsman et al. (2011).

An increase of Greenland’s discharge D (without the two tide-
water glacier areas discussed above) by 2100 is expected due to
enhanced run-off caused by a 4 K global-mean atmospheric tem-
perature rise Katsman et al., 2008. The effect is assumed to give
an increase of sea-level rise of 0.21 mm/yr for each degree the local
temperature increases; this was the increase observed during the
period 1993-2003 (Katsman et al., 2011). If we assume that R
and D contribute equally to this rise, we find a value of 0.1 mm/
yr steady rise in 2000 and 0.32 (=1/2 x 0.4 mm/yr/K x 1.6 global
temperature rise increase) additional rise due to increasing tem-
perature. Here the value 0.4 mm/yr/K is given in Katsman et al.
(2008) as the mass balance sensitivity with respect to local tem-
perature, the adjustment factor relates this again to global mean
temperatures. We find 4/100 x 0.32 - t mm/yr for a linear increase
in local Greenland temperature, or (with Table 3)

Greenland run-off
1400, T :
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S
o
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T

Greenland R Gt/yr

N
o
S

200
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Fig. 2. Mass loss for Greenland run-off (R).

D, (t) = 36+ (4/100 x 115 - t) Gt/yr. 4)

The scaling functions for each of the above three regions are
shown in Fig. 3.

3.1.3. Prescription of near-deposition N
The near-deposition of freshwater comprises the melt run-off R
and the basal melt rate x - r,,. The basal melt is location dependent.
So far we have collected Jakobshavn and the northern tidewater
glaciers together on the basis of the similar processes at work.
Measurements of thinning rates indicate that not all of Greenland’s
glaciers show basal melt Thomas et al., 2006. We should then split
up region i into Jakobshavn which does feature basal melt and the
northern tidewater glaciers that do not. We label the two ia and i\a
respectively. From Table 1 we see that Jakobshavn had a discharge
of 27 Gt in 1996, leaving 42.5 Gt for the remaining glaciers. The
expressions become
3

Nuy(0)=27 1 [ 55 ¢+ 4+ 1] Gy, 5)

where p; = 0.25 for Jakobshavn and
Ny, (£) =0 (6)

for the northern glaciers’ N (which is the value given in Table 2
before we made an exception of Jakobshavn). The expressions for
the near-depositions in the other two regions have the same
numerical value for the basal melt fraction (u,, = ¢ = 0.25, where
the subscripts indicate west and east, respectively) and can be
directly expressed in terms of the ice discharge rate, which leads to

Np (£) = i - T (£) (7)
for the south/eastern region (ii) and
N”iii (t)= i - rniii(t) (8)

for the third region.

3.1.4. Prescription of far-deposition F

The amount of ice calved and not melted at the base is allowed
to drift. This is the amount that we will distribute according to the
pattern produced by the iceberg drift simulation detailed below in
A.1. Taking the split of region i into account we have

3
Fo, (6) =27 -(1 — pyy) - {m(t+4) + 1} Gt/yr (9)
for Jakobshavn’s F and
Fy,, (t) =42.5/69.5 -1, (t) =42.5- {ﬁm(t +4)+ 1} Gt/yr (10)

for the northern glaciers’ F. Here, we have assumed y to remain con-
stant throughout time, effectively allowing the melt amount to
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Fig. 3. Scaling functions of the components of ice discharge (D) for Greenland. In
blue D,,, green D,,, red D,
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scale with the ice discharge rate. Because the rate changes only lin-
early, this is not an unreasonable assumption. We merely assume
that a larger ice mass is present when D increases. In the case of
Antarctica (see below), this assumption breaks down when
collapsing ice sheets need to be taken into account.

3.2. Antarctica

The high-end scenario we use Katsman et al., 2008 includes an
accelerated outflow of the Amundsen Sea Embayment, with a col-
lapse in the year 2030 after which the loss rate remains constant at
eight times the current value. The loss is assumed to increase expo-
nentially up to the break-point. A similar progression is assumed to
hold for the glaciers in east Antarctica, except that the difference in
grounding prevents a retreat as advanced as for the ASE. After 2030
the mass loss increases with a greater exponential rate. The Penin-
sula region is assumed to experience enhanced melt and glacier
flow with a similar progression as the EAIS region, but the quantity
is much less.

3.2.1. Projection of discharge D

A projection to match the storylines involves constructing a
parametrisation of the loss rate. To be able to do so the current loss
rates are required.

Antarctica i. The severe scenario includes a collapse of the west-
Antarctic ice shelf, the inclusion of which is based on expert judg-
ment (Katsman et al., 2011). The collapse of the Larsen-B ice shelf
has shown such an event to cause an increase of 2-6x the speed of
the shelf's feeding glaciers (Scambos et al.). If we assume this
speed-up factor to also hold for the WAIS with respect to current
feeding rates, a total sea-level rise in the order of 0.25 m by 2100
is expected (Katsman et al., 2011). The storyline assumes that by
2030 a 50% excess discharge has taken place and the collapse is ini-
tiated. The removal of the ice shelf increases (near instantaneously)
the calving rate by a factor 8 of the balanced discharge value.? This
positive feedback causes the glaciers to calve at an exponential rate.
With a 237 Gt/yr of outflow calving and 177 of input for Pine Island
and Twaites glacier—this is also the base-rate added for full ice flux
values, taken from Rignot et al. (2008) (their Table 1) and a sustained
acceleration of 1.3%/yr,

237-[(1.013)' = 1] t<30

Gt/yr. 11
177 x7 t>30 & an

D, (f) = 237 + {

Antarctica ii. The eastern glaciers are expected to retreat like
those in the western part except that east Antarctica rests on a high
plateau. The eastern glaciers are then thought to be less susceptible
to collapse Rignot, 2006 because marine glaciers will not be able to
retreat so easily. The outflow of ice of the eastern ice sheet is
785 Gt/yr (Rignot et al., 2008) and 388 (=87 +207 +94, from
Table 1 in Rignot et al. (2008)) Gt/yr is due to the glaciers bounded
by the ice sheet (this is the base calving rate). Katsman et al. (2011)
assume the same initial storyline as for the western sector. After
this period exponential growth is expected. The integrated contri-
bution to sea-level rise by 2100 would be 0.19 m. Under these con-
straints we find 0.0385 in the exponent for the post-2030 rate,

(1.013)' -1 t <30

D;,(t) = 388 4388 - (1.013)30 _ 1] . e003850-30) ¢ 30

2 Katsman et al. (2011) quote 8 as an upper bound, and 8 =6 x 237/177, the
fraction of the 2000 outflow to the input. The balance value they speak of is the input
rate.

Antarctica iii. Assuming an effect of 0.05 m sea-level rise by
2100 (Katsman et al., 2008), with again assuming the same
structure of the equation for the region ii, we find 0.0375 for the
exponential rate,

(1.013)" — 1 t <30

Dsiii(t) =107 +107- {(10«13)30 _ 1] A 60.0375-(t730) t>30

Gt/yr.

(13)

The scaling functions for the discharge amount associated with
each of the above three regions are shown in Fig. 4.

The combined discharge rates are shown in Fig. 5. An accumu-
lation-balancing rate of 107 Gt/yr is given by Rignot et al. (2008).
The effect of increased snow accumulation on Antarctica during
the immediate future (as indicated by observations Church et al.,
2013) would mean a larger potential value for D. Measurements
from Rignot and Kanagaratnam (2006) and Rignot et al. (2008)
are shown as well in Fig. 5. More recent overviews (Shepherd
and Wingham, 2007; Shepherd et al., 2012) show considerable var-
iation in the Greenland and Antarctic mass balance measurements.
Because the sampling was performed during different periods and
does not include all ice sheets, we have left these from further
consideration.

3.2.2. Prescription of near-deposition N

The progression of D in Fig. 4 shows the collapse of the West-
Antarctic ice sheet. The discharge rate increases dramatically with
this event. With the ice sheet gone, calved icebergs drift more eas-
ily. We expect basal melt to decrease then. On the other hand,
more land ice is in contact with the ocean, which should increase
the absolute amount of melt taking place. Without any way of
quantifying either effect, we suggest that after a collapse event
the basal melt amount returns to pre-collapse levels. The expres-
sion becomes

(D)
Na (6) = {ui D, (30)

for the WAIS (region i), where y,, = 0.30. Similar considerations to
those above lead us to keep the amount of basal melt steady at the
2030 levels for the other two regions, which then give the exact
same form as Eq. (14) with the appropriate u values (Table 2).

Gt/yr (14)

3.2.3. Prescription of far-deposition F
Far deposition is allocated to all mass loss not already claimed
by basal melt. The expression for Antarctic F is then simply

Fi(t) = { (1-p)-Di(t) <30

Dy() — (i, -Ds(30)) 530 “/Y" (15)
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Fig. 4. Scaling functions of the components of ice discharge (D) for Antarctica. In
blue Dy, green Dy, red Dy, .
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Fig. 5. Mass loss for Greenland, Antarctica and their sum. The horizontal lines show
the equilibrium values. Some measurements are shown as well. These were taken
from Rignot et al. (2008) for Antarctica and from Rignot and Kanagaratnam (2006)
for Greenland. The Greenland values were obtained by assuming the mass balance
differences are entirely attributable to ice discharge changes in regions i and ii.
Uncertainties in the original measurements are ~ 10%.

for all three regions with y, replaced by the appropriate basal melt
fraction and r, the corresponding discharge rate.

Table 4 gives a summary of the melt scenario features on which
our projections are based.

3.3. Comparison with other projections

In Table 5 a break-down of mass loss expressed as sea-level
equivalent is given. We can compare with some other severe sce-
narios, see Fig. 6. The most recent scenarios are by Pfeffer et al.
(2008) and Katsman et al. (2011). A projection close to the values
given by Pfeffer et al. (2008) as upper bounds would tax the rate
of retreat of the tidewater glacier to nonphysical limits. The lower
bound from Fettweis et al. (2013) only takes meltwater into
account. The projections for ice discharge dominate this by an
order of magnitude.

4. Effect on the sea-surface

To illustrate the effect of the freshwater protocol outlined
above, we ran a RCP8.5 experiment with the CCM EC-Earth
(Hazeleger et al., 2010). One simulation was run without the extra
freshwater forcing applied (control) and one with additional

freshwater forcing included (forced) to allow for a sensitivity
experiment. The control run is part of the CMIP5 archive and both
runs use the RCP8.5 forcing a described in Taylor et al. (2012).

We expect the additional freshwater to immediately affect local
sea-surface height and through barotropic effects to propagate
information throughout the world ocean (Stammer et al., 2011;
Lorbacher et al.). The freshwater might also affect ocean currents.

In the forced run the North Atlantic sub-polar gyre remains
weakly affected for a considerable time. It is not until 2075 that
the mean sea-level rise is comparable to the local rise in the gyre
(not shown). The reason for this is that most of added the freshwa-
ter is taken away by boundary currents in the Northern Hemi-
sphere. The same can be seen in other experiments of
comparable resolution with Greenland freshwater release like
(Stammer et al., 2011; Kopp et al, 2010; Weijer et al;
Swingedouw et al., 2013).

A climate model is a chaotic system and shows sensitivity to
small variations in initial conditions. An ensemble of runs can bring
out the so called internal variability. We have used such an ensem-
ble of control runs to determine the variance in the SSH. In Fig. 7
the areas where the rise does not exceed 20 are mapped onto
the eustatic sea-level, where the whitepoint is centred. The model
allows for a free-surface adjustment which shows an increase of
SSH with the addition of more freshwater as can be seen in the
lower panel.

The response to the freshwater forcing is largely advective with
the mean subpolar gyre circulation transporting the melt water
southward. This can be seen by the comma-shaped feature present
in both panels and lying more to the east in the lower one. To the
west and south of the sub-polar gyre the sea-surface anomaly is
larger than within the gyre, or to the north. The west-to-east gra-
dient in the North Atlantic with a strong anomaly along the north-
east coast of North America, as noted in Kopp et al. (2010), can also
be seen in the top panel of Fig. 7.

The lower panel, which depicts the situation for the last five
years of the century, shows an opposite pattern. Here, a positive
anomaly on the eastern side of the Atlantic basin can be seen.
The formation/inversion of this pattern is also present in the atmo-
sphere-coupled run discussed in Stammer et al. (2011). A strong
signal develops along the American coast and a signal similar to
the one in the lower panel of Fig. 7 can be seen after four decades
(see also Swingedouw et al., 2013 for a comparison between sev-
eral models showing a similar pattern).

The additional freshwater does not impact the Atlantic meridi-
onal overturning. In Fig. 8 the annual mean of its maximum value
is shown for the RCP8.5 only run (green) and with the freshwater
added (blue). The difference (red) indicates little difference
between the two. The maximum mixed layer depth (not shown)
shows some decrease in the Labrador region and an increase north
of Iceland, but this effect is highly variable. We surmise that most
of the freshwater does not reach the convection regions and has lit-
tle impact on dense-water formation. We cannot ascertain
whether spatial changes occur as a result of this (i.e. the possible
shifting north of the convection regions).

The signal in the eastern North Atlantic is described in
Swingedouw et al. (2013) where the authors show that the leakage
(i.e. removal of freshwater that then does not re-circulate) relates
to the meridional tilt of the separation between the sub-polar
and the sub-tropical gyre. The leakage via the Canary current
(the eastern branch of the pattern) diminished the amount of
freshwater that is transported to the convection sites in the Labra-
dor Sea and Nordic Seas and could then affect the intensity of deep
convection if the leakage is sufficiently large. This also occurs in
EC-Earth.

The long-term pattern of freshwater in our forcing field as
shown in Fig. 7 resembles the observed anomaly in sea-level rise
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Table 4
Summary of the melt scenario characteristics. Details are given in the text and figures.
Region Now Future
SMB Greenland 416 Gt/yr Linear increase
Calving Northern tw. glaciers (i) 69.5 Gt/yr "
Eastern/southern tw. glaciers (ii) 81.7 Gt/yr Linear increase until 2050, then return to current value
Other glaciers (iii) 36 Gt/yr Linear increase
Basal melt Northern tw. glaciers (i) 0 0
Eastern/southern tw. glaciers (ii) 0.25 Scale with calving rate
Other glaciers (iii) 0.25 "
SMB Antarctica In equilibrium Unchanged
Calving WAIS (i) 237 Gtfyr Acceleration until 2030, then kept constant
EAIS (ii) 388 Gt/yr Acceleration until 2030, then mild exponential increase
N-AP (iii) 107 Gt/yr "
Basal melt WAIS (i) 0.30 Scale with calving rate until 2030, then kept constant
EAIS (ii) 0.15 "
N-AP (iii) 0.40 "
| | | |
Table 5 o 0.15
Comparison of sea-level equivalent rise (mm) per contributor region for a selection of o3
years. Discrepancies in the added numbers are due to round-off error. Columns 6 and i ot
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Fig. 6. Histogram comparison of different mass loss projections. The cited sources
are Katsman et al. (2011), Pfeffer et al. (2008), Rignot et al. (2011), van den Hurk
et al. (2007) and Fettweis et al. (2013).

near the Antarctic ice shelves shown in Fig. 1 in Rye et al. (2014).
The only conspicuous difference is that we have a somewhat larger
melt in the northern peninsula region. The gross Antarctic sea-level
rise pattern in Rye et al. (2014) is also present in our simulation. In
the Southern Hemisphere, the freshwater released along the coast
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Fig. 8. The maximum of the annually averaged Atlantic meridional overturning
circulation. Blue shows the run with freshwater forcing, green without, and red the
difference between the two.

of Antarctica spreads northward and is thereafter taken up by the
Antarctic Circumpolar Current (ACC), spreading it in a band around
Antarctica. The same pattern around Antarctica can be seen in the
simulation described in Lorbacher et al., where the fast response to
Antarctic melt occurs on a timescale of mere days. This is remark-
able because the fast response is due to barotropic waves and not
directly related to the long-term response. In Fig. 3 in Rye et al.
(2014) the sea-level rise in a model output indicates locally larger
relative rise than is in our simulation.

5. Discussion

Recent experiments with high resolution, eddy-resolving, mod-
els (Weijer et al.; Spence et al., 2013; den Toom et al., 2014) indi-
cate qualitative differences in large-scale circulation compared
with coarse-resolution ones (~ 1°) like EC-Earth. The circulation
shows different ventilation pathways (Spence et al., 2013) of North
Atlantic Deep Water (NADW), which is not surprising given the
finer topography and different diffusion value needed. Also, deep
convection regions persist longer at higher resolution (Weijer
et al.; Spence et al,, 2013). The entrainment along the western
boundary lasts longer compared to a low-resolution model which
favours a more immediate transport to the deep convection zones
(Spence et al., 2013). The short-term response in a high-resolution
model can be different, but this does not necessarily mean a signif-
icant difference in behaviour on decadal timescales (Weijer et al.).
Caveats like these suggest that a significant improvement in real-
ism can be expected when high-resolution models are coupled
with atmospheric models (den Toom et al., 2014), which has not
been feasible so far.

Nevertheless, our run does show similarities with higher-reso-
lution (den Toom et al., 2014). We can compare with the results
of another freshwater forcing experiment in the same vein, which
indicates only little impact on the large-scale circulation (Marsh
et al., 2010). There, the additional freshwater accumulates west
of Greenland and leaves the subpolar gyre largely unaffected. The
same effect is seen in our simulation (Fig. 7).

Ice mass loss like in our scenario does not lead to significant
decrease in the height of the ice sheet. We therefore do not expect
any changes in the feedbacks between the ice sheet and the atmo-
sphere. Since retreat of glaciers does affect the interaction with the
ocean (at least locally), some feedbacks will be affected by ice melt.
We try to account for one of these, basal melt, but a detailed
treatment requires more advanced modelling.

Climate scenarios contain a lot of uncertain elements. Such sce-
narios are also subject to change. By being a precise as possible we
hope to accommodate future scenarios.

6. Summary

We have presented a simple, yet flexible way to apply a pat-
terned freshwater forcing to the ocean surface based on realistic,
yet high-end, Greenland and Antarctica mass loss scenarios. The
projection of run-off (R), basal melt (B), and ice discharge (D) in
excess of balanced values—which have not been met in Greenland
for the past twenty years—show an increase in the calving rates of
both the Antarctic and Greenland glaciers. The final contributions
of excess production of R, B and D remain within the maximum
bounds determined by Pfeffer et al. (2008). In the scenario we used,
it was assumed that a collapse of the West Antarctic ice sheet
occurs, which will accelerate mass loss tremendously before mid-
century. The total mass loss from the two large ice sheets becomes
dominated by the ice discharge contribution.

The sea-surface height in the sub-polar gyre in the North Atlan-
tic is affected only little, with a smaller than average increase
throughout the 21st century. The area around Antarctica sees a
steady increase on the other hand, and maximal values can be
found there. This is due to the large forcing in the region associated
with iceberg calving in the scenario.

The protocol we have proposed aims to provide an affordable
way to extent the current numerical models to deal with melting
ice sheets. Effects like a realistic spatial pattern of freshwater
accumulation are encouraging.
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Appendix A. Implementation

In the previous sections we developed a description for time-
series of location-dependent freshwater forcing, derived from pro-
jections of meltwater run-off (R), basal melt (B), and iceberg calv-
ing (D). Because these quantities are either applied to a location
near the source or further away from it, we constructed the N
and F prescriptions. The scaling regions’ mass loss can be scaled
independently according to the above scenarios. To implement
the projections we have to account for any freshwater forcing
already applied in the model. Most climate models balance snow
accumulation on Greenland and Antarctica with a prescribed
run-off. We propose to start at time zero (year 2000) with a fresh-
water flux that balances the already prescribed flux in the model,
only changing the spatial distribution. Afterward we allow for a
growing imbalance between snow accumulation and freshwater
gain according to our melt projections.

A.1. Iceberg drift

The far deposition F of freshwater forcing needs a prescribed
annual pattern. Output of a simulation of iceberg drift provides this
pattern and the amount of melt loss. The amount of meltwater
from icebergs was determined at every cell on the grid of a
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2° x 2° ocean model (Madec, 2008). The pattern thus obtained is an
annual one. We subdivide the iceberg pattern in a Northern and a
Southern Hemispheric region. We assume that all freshwater flux
found north of the equator is attributable to Greenland mass loss
and likewise all found south of the equator is attributable to Ant-
arctic sources. Because the forcing pattern (Fig. A.9) alone does
not contain any information about the original source of icebergs,
the scaling of the far-deposition F can only be applied per
hemisphere.

The basal melt pattern only varies within a single year, meaning
we can scale the seven region-dependent contributions of N
according to their individual annual prescription.

The spatial pattern of freshwater forcing from iceberg melting is
obtained from the output of an iceberg tracking simulation.
Because only the pattern is of interest (the total amount of mass
loss due to icebergs is normalised), we do not need to re-grid the
iceberg melt in a strictly conservative way, but only approximately.
Instead we simply locate the original grid-cell nearest to a target
grid-cell and use the value it has (we do scale with the area of each
grid-cell).

A.2. Scaling and distribution

Our starting point is maintaining (approximate) continuity with
historical conditions. We demand that our scenarios for t = 0 (year
2000) have equal amounts of freshwater forcing as the total of pre-
scribed run-off around Greenland and Antarctica in the model forc-
ing. We note that the observational estimates for present day mass
loss (in our scenarios the value at t = 0) may differ from the model’s
total sum. When replacing these, we maintain the relative ratios
for basal melt, iceberg calving and run-off obtained from the obser-
vations, but re-scale the total observed mass loss to match the total
in the model. The relative contributions in the scenario projections
are given in Table A.6.

A.2.1. Run-off

In our scenario only Greenland experiences run-off. This will be
distributed equally along Greenland’s coastal grid-cells, a single
cell wide. Any Antarctic run-off would be negligible with respect
to other melt loss processes, since a mass increase seems more
likely (Church et al., 2013).
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Fig. A.9. Annual average of the iceberg pattern used to distribute the far deposition
F of freshwater forcing amount in EC-Earth. Darker blue indicates a greater relative
amount is deposited.

A.2.2. Iceberg melt flux

We cannot distinguish the origin of icebergs any finer than from
which hemisphere they originate. We simply sum the far deposi-
tion for north and south and scale the iceberg melt flux in each half
of the globe,

Fu(t) = Fo () + Fo (£) + Fo. (£) + Fy_(£)
Fy(t) = Fq () + Fs, () + Fs, (t).

(A1)
(A.2)

The fractions listed in Table A.6 provide the relative weights that
each region should have. In the final expressions for F, the initial
values reported in Section 4 are replaced with the fractions of total
mass loss due to ice discharge specific to the model.

A.2.3. Basal melt deposition

To provide a correct deposition of the basal melt freshwater we
need to take the relative strength of discharge into account. We
take the values for the ice discharge as presented in Rignot and
Kanagaratnam (2006) for Greenland and assign the locations given
to the nearest grid-cell in a mask of the grid layout as used in our
model. Masks are then made for the relevant Greenland and Ant-
arctic regions, so that we are able to independently control the
melt intensity of each.

For each region a collection of point sources is defined to deter-
mine the basal melt freshwater release location in Fig. A.10. In the
case of a glacier this would be a single point, in a region such as the
North-Antarctic Peninsula several points. By associating an area of
deposition (set to a default of 2000 km? for each point source) with
each source, we can enumerate the nearest grid-cells and subtract
their area until exhaustion of the deposition area. We use the
Euclidean distance to weigh the relative amount of meltwater that
is to be deposited in each grid-cell. A cell nearer to the source
receives more mass. The point sources and associated variable val-
ues are given in Table B.7 for Greenland and in Table B.8 for Antarc-
tica. In this way a zone of deposition can be defined. The basal melt
pattern consists of six regional contributions, each with an inde-
pendent scaling (scaling region).

In addition, we wish to take the presence of sills into account
because they might act as a barrier and trap water. For each
grid-cell that is enumerated, we define the line of grid-cells
between it and the source cell (a linear equation of the latitude/
longitude coordinates). We then attempt to locate the sill as the
barrier nearest to the source. A barrier is defined as an ocean
grid-cell where the depth is less than the depth associated with
the cell closer to the source in the line, effectively a bump in the
bottom topography. All grid-cells belonging to the line before the
sill are used as the deposition area. The typical number of cells
per point source is one or only a few grid-cells for a 1° x 1° grid.

A.3. Seasonality

Surface melt does not occur throughout the year, but tends to
be limited to summer. We model this restriction with a seasonality
function, for which we assume a step distribution ¢. For the North-

Table A.6

The initial (ro) run-off and ice discharge values (in Gt/yr, total of 1274.54 Gt/yr) and
their fractional share of the Antarctic or Greenland part (or hemispheric share). The
total initial amount of freshwater forcing should be kept the same at time =0 to
ensure hydrological balance in the model.

Greenland Antarctica

Dy, Dy, Dy;; R D, Dy, Ds;
Amount (Gt/yr) 69.5 81.7 36 416 177 388 107
Fraction 069 012 014 006 026 058 0.168
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Fig. A.10. Points used to determine mass deposition areas. Indicated with a green
diamond is Jakobshavn, with a blue square Kangerdlugssuaq, and with a green
circle Helheim. Actual freshwater fluxes (e.g. run-off) are not shown.

ern Hemisphere we take summer to start in May, ending in Sep-
tember, and for the Southern Hemisphere beginning in November,
ending in March. We correct for this by scaling annual values with
a factor 2.4 (=12/5) during summer. During summer the function is
‘on’ and otherwise ‘off’,

(t) = {2.4 summer(t)

0 winter(t). (A3)

The seasonality function must be multiplied with N. Care must be
taken that the total amount of mass loss in a year remains the same
as in the original prescription.

A.4. Synthesis

The final product is a time-series of freshwater forcing per grid-
cell. No explicit reference during run time of the simulation is
needed to the various expressions and regions we have distin-
guished here. All grid-cells where no value is defined receive a
value of 0, and all separately scaled contributions are summed to
a single time-dependent pattern. This time-series can now be used
as a forcing field to mimic a realistic freshwater forcing as the
result of, not only meltwater, but also iceberg calving and the basal
melt associated with them. The recipe consists of the following
steps.

1. remove the existing freshwater forcing associated with Green-
land and Antarctica;

2. set the ry values to match the loss in any previous freshwater
forcing to maintain balance;

3. for each region in Greenland and Antarctica: mask region and
multiply with the projection value;

4. for the Northern and Southern Hemisphere: sum the projec-
tions in each (according to Egs. (A.1) and (A.2)) and scale the
hemispheric pattern with this sum; the forcing is applied to
the surface as additional water with local temperature;

5. apply the sum of the series as a freshwater forcing to the ocean
model.

Appendix B. Mass loss point sources

See Tables B.7 and B.8.

Table B.7

Point sources used to define the basal melt regions in Antarctica. Several points can
belong to a single glacier if it is extended over a large area. The area is the surface in
km?. The discharge values were taken from Rignot and Kanagaratnam (2006).

Region Position (¢, 1) Size (km?)

68.9,-47.3) 8000 27

D (Gt/yr) Name

Jakobshavn Isbrae

77.6,-23.9 6000 6.8 Storstrgmmen

4)
2)
69.2,-47.7)
)
77.2,-232)
76.8,-22.9)

71.8,-30.5) 2000 105

68.2,—-33.3) 4000 279

Daugaard-Jensen
Kangerdlugssuaq
66.7,-39.0) 4000 26.2 Helheim

65.5,-39.7) 2000 10.3
65,—41) 6000 67.4

Ikertivaq
Dy,

Nordenskiold
70.0,—49.3) 2000 109 Sermeq Kujatdleq
71.5,-51.1) 2000 2.7 Kangerdlugssup
71.8,-50.6) 2000 121 Rinks
72.8,-53.8) 4000 8.6 Upernavik

73.3,-55.0) 2000 4.7 Nunatakavasaup
74.4,-56.0) 2000 7.1 Igdlugdlip
74.9,-56.7) 6000 10.9 Hayes

Steenstrup
75.4,-57.8

76.1,-59.5 2000 8.5 Kong Oscar
76.2,—60.5) 2000 8.5 Peary/Docker
76.4,—62.9) 2000 33 Gades
76.4,-61.7) 2000 64.4

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(
(68.4,-50.6) 2000 10.7
(

(

(

(

(

(

(

(

( )
( )
(75.1,-57.6) 4000 13
( )
( )
(

(

(

Table B.8
Point sources used to define the basal melt regions. The area is the surface in km?.

Region Position (¢, ) Size (km?) D (Gt/yr) Name

(~75.2,-100) 4000 87 WAIS
(~75.5,-106.7)

D, (~66.8,88.3) 4000 87 EAIS
(~66.8.99.5)
(-67,116.3) 4000 94
(~67.1,129)
(~68.7,152.5) 6000 237
(~67.5,144.8)
(-68.4,147)

Dy, (—65,-62)

16000 107 N-AP
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