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Abstract.

Estimating the contribution of marine ice sheets to sea-level rise is complicated by ice grounded below sea level that is
replaced by ocean water when melted. The common approach is to only consider the ice volume above flotation, defined as
the volume of ice to be removed from an ice column to become afloat. With isostatic adjustment of the bedrock and external
sea-level forcing, this approach breaks down, because ice volume above flotation can be modified without actual changes of
the sea-level contribution. We discuss a consistent and generalised approach for estimating the sea-level contribution from

marine ice sheets.

1. Introduction

Model simulations of past and future ice-sheet evolution are an important tool to understand and estimate the contribution of
ice sheets to sea-level at different time scales (e.g. de Boer et al., 2015; Nowicki et al., 2016). The mass balance of ice sheets
is controlled by mass gain and loss at the upper, lower and lateral boundaries by melting or sublimation, by accumulation
and freeze-on, and discharge of ice into the surrounding oceans. The sea-level contribution from an ice sheet can in principle
be estimated through these different mass balance terms, but is in practice typically based on changes in one prognostic
variable (ice thickness) and considering corrections for the ice grounded below sea level (e.g. Bamber et al., 2013). However,
complications arise, especially for longer timescales, when isostatic adjustment of the bedrock is considered, and external
sea-level forcing is applied. The considerations in this communication apply for ice-sheet models that are not coupled to a
sea-level equation (Gomez et al., 2013; de Boer et al., 2014). Consequently, the problem at hand is how to accurately
estimate the contribution of the modelled ice sheet to global-mean geocentric sea-level rise (see Gregory et al., 2019).

In our own ice-sheet modelling experience and from exchange with colleagues in different groups it is not always clear how
the sea-level contribution should exactly be calculated and what corrections need to be applied. This goes hand in hand with

a lack of documentation and transparency in the published literature on how the sea-level contribution is estimated in
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different models. With this brief communication, we hope to stimulate awareness and discussion in the community to
improve on this situation. We caution that it is well possible that the proposed solutions or equivalent approaches are already
in use in several models, since the fundamental ideas have already been laid out (e.g. Bamber et al., 2013; de Boer et al.,
2015) and are straightforward to implement. Nevertheless, we have so far missed a common understanding, concrete
guidelines and a central reference of best practices for ice-sheet modellers.

We describe in the following how to calculate the sea-level contribution for a situation without bedrock changes (Sec. 1), the
effect of bedrock changes and how to account for them (Sec. 2 and 3), a density correction (Sec. 4) and modifications
required when the model is forced by external sea-level changes (Sec. 5). We conclude with a realistic modelling example

(Sec. 6) and a discussion (Sec. 7).

1. Estimating the sea-level contribution

If changes in the bedrock elevation due to isostatic adjustment are zero or very small, e.g. for centennial time scale
simulations (e.g. Nowicki et al., 2016), the sea-level contribution of an ice sheet is typically computed from differences in

total ice volume above flotation

1 (1)
Vs = E (Hessy + min(h 00222 ) ——adx dy,

ice (%))
i,j

where H is ice thickness, b is bedrock elevation and e.g. pice=910 kg m and pocean =1028 kg m™ are the densities of ice and
ocean water, respectively. The unitless map scale factor k is applied when the model grid is laid out on a projected horizontal
coordinate system, which is often the case for polar ice-sheet models (Snyder, 1987, Reerink et al. 2016). Var of a single
column of ice grounded below sea-level may be interpreted as the amount of ice volume that can be removed before the
column starts to float. This considers that floating ice is in hydrostatic balance with the surrounding water, and assumes that
the ice does not contribute to sea-level changes when melted. In reality, however, densities of sea water and melted land ice

(freshwater) differ slightly, which is often neglected. An associated density correction is discussed below (Sec. 4). For ice
1
grounded on land above sea-level, b > 0 and V,; = H dx dy * R

To estimate the ice volume in global sea-level equivalent (SLEar [m]), the total Var has to be converted into the volume it will
occupy when added to the ocean assuming a sea-water density pocear=1028 kg m™ and divided by the ocean area Aocean Of
typically 3.625 x 10" m?, which is assumed to be constant here, but on longer time scales this is not necessarily correct:

Vaf Pice (2)

ocean pocean

SLEaf =

The actual sea-level contribution of the modelled ice sheet (SLC) is typically calculated relative to a reference value, often

the present day (modelled) configuration or the configuration at the start or end of an experiment.

SLCor = —(SLEqs — SLE{). 3
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Depending on the amount of ice grounded below sea level, estimating the sea-level contribution instead from the entire
grounded ice volume (Eq. (4)) can lead to considerable biases.

SILC.. — _[ Vgr Pice _< %r Pice )ref] (4)
gr — A

Aocean pocean

ocean pocean

2. Effect of bedrock changes

When changes in bedrock elevation occur under the ice, Var cannot always be used without a correction as basis for sea-
level calculations, because isostatic uplift or lowering can modify Var without actual sea-level contribution. Figure 1
illustrates this problem with an uplift of the bedrock elevation (left to right in each panel), where the bars indicate the
bedrock and ice for different possible configurations. In case A, bedrock is already above sea level (i.e. Var includes all ice)
and the vertical upward displacement has no apparent influence on the grounded configuration. In case B, ice is displaced
upwards with the bedrock and some of the ice at flotation is ‘transformed’ into ice above flotation. In case C a transition

from floating to grounded ice occurs and in case D, ocean water is displaced by the rising bedrock.
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Figure 1 Different geometric configurations of ice, ocean and bedrock before and after (') a rise in bedrock elevation.

The problem how to interpret these changes in sea-level contribution in the presence of bedrock changes is further illustrated
by an evolution of one grid box in time (Figure 2a). If we compare between t1 and ts« and only look at the ice column, we
5 could assume that there was no net sea-level contribution since ice is at flotation in both cases. However, following the
evolution through t2 and t3 gives rise to another interpretation. At ti the ice is at flotation with a low bedrock elevation. The
bedrock then rises (t2) and subsequently ice is lost e.g. by surface melting (t3). Finally, more ice is lost e.g. by basal melting
and the ice is floating at ts. From t1 to t2, ice is merely displaced by the bedrock, but the actual sea-level contribution occurs
between t2 and t3 and equals the ice above flotation in t> and (by construction) also the bedrock displacement between t; and

10 ta
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Figure 2: Geometric evolution of a grid box in time a) including bedrock changes and b) including externally forced sea-level
variations.

We argue that differences in sea-level contribution from ti to t4+ must be independent from the interpretation of what
happened between t1 and t+. Hence, bedrock changes have to be taken into account below the ice and in proximity to the ice

sheet.

3. Correcting for bedrock changes

Under floating ice and ice-free ocean, rising bedrock displaces ocean water, and directly leads to a sea-level rise proportional
to the bedrock elevation change. The additional sea-level contribution could be calculated from changes in the volume of the
ocean water

Pice 1 (5)
Vocean = (max(_b(i,j)r 0) - H(i,j) —) k2 dx dy ’

Pocean G
i,j
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where the term in brackets is the difference between lower ice boundary and bedrock for grid cells containing floating ice
and the ocean depth where no ice is present.

However, while bedrock changes under grounded ice have no impact on the estimated ocean volume, they do modify the
amount of Vs, which requires an additional correction. Consider an ice column near flotation but grounded below sea level at
bo, with a height above flotation h.=0 (e.g. ti1 in Figure 2a). When the bedrock rises by a certain amount 4b (e.g. transition ti

to t2 in Figure 2a), the ice is lifted and har (in meter ice equivalent) increases by

Ahgp = (M)Ab. (6)

ice
If the sea-level contribution was only computed from differences in total ice volume above flotation (SLE), this would be
incorrectly recorded as a sea-level lowering. Furthermore, if the bedrock was lifted to or above sea-level, the final change in

har would equal the ice thickness and

ice
where by is the initial bedrock elevation (e.g. at t1 in Figure 2a).
In order to consider corrections for bedrock changes under grounded ice, floating ice and ice-free ocean consistently, we
chose to modify the ocean volume estimate to incorporate bedrock changes. We suggest to replace the ocean volume

calculation above by an estimate of the potential ocean volume (¥}0v), i.¢. the volume between bedrock and sea level if all ice

1 (3
Voov = max(—b(i,j), 0) mdx dy,
ij

i,j

was instantaneously removed:

which requires no distinction anymore between grounded and floating ice. However, we have ignored the density difference
between ocean water and freshwater, which we will treat separately below.

To convert potential ocean volume into a global sea-level component, V,o» has to be divided by the ocean area of typically
3.625x 10M m?:

Vpor _ (L)f] ©

Aocean

SLCppp = —[

Aocean

4. Density correction

Transitions of ice below and above flotation and the associated sea-level change can occur both due to ice mass changes and
due to bedrock changes, processes associated with a different density (pwater VS pocean). While changes of Var due to bedrock
adjustment and cavity changes are recorded in ocean water equivalent, we must assume that changes in ice mass (formation

of new ice due to precipitation, loss of mass due to melting) occur in reality with a density of freshwater (pwater=1000 kg m>).
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So far, we have calculated all changes in ocean water column equivalent, so now we will apply a density correction for all

changes in ice thickness.

; ; 1 (10)
Vden — Hi,j( Pice _ Pice )kz dx dy
Pwater  Pocean ((H))
ij
and
A% Vien (11)
SLCdenz_[ den _< den ) ]
Aocean Aocean

The density ratio pwater/pocean implies that the correction amounts to ~3 % of the ice volume grounded at/below sea-level.

Finally, to calculate changes in global mean sea-level due to ice-sheet changes, contributions from ice volume above
flotation, potential ocean volume and density correction are added:

SLCeorr = SLCys + SLCpoy + SLCyen. (12)

5. Externally forced sea-level variations

For long-term paleo ice-sheet simulations, it is common to force ice-sheet models with prescribed variations in (global) sea-
level, mimicking changes in the northern hemisphere ice sheets. For a glacial-interglacial transition the external sea-level
forcing may have an amplitude of more than 100 meters and can drive transitions between floating and grounded ice in the
model. In the framework of such simulations, the calculation of sea-level contributions from the ice sheet must be re-
considered, because the external sea-level forcing implies changes in Var of the modelled ice sheet.

We illustrate the implied changes again with a schematic view of one grid box changing over time (Figure 2b). From t; to tz,
the external sea-level (horizontal solid line) is increased with respect to the starting value (horizontal dashed line) at constant
bedrock elevation and ice thickness. Consequently, the geometry in the model grid box changes from just grounded to
floating ice. From t to t3 the sea-level is lowered, such that some ice that was floating in t; is transformed into ice above
flotation. At t4, now with combined bedrock change and sea-level change of the same magnitude relative to ti, the ice is just
grounded on the lowered bedrock. Calculating the sea-level contribution as described above in Eq. (12), would indicate a
change of the contribution from t; to t2 and t3. However, since these changes in SL are externally forced, they should not
directly contribute to the calculated ice-sheet sea-level contribution itself. For example, the additional volume under the
floating ice at t2 occurs because the ice is lifted by the additional, externally-forced seawater. Equally, the additional ice
above flotation created in t; is merely a consequence of the lower sea-level. Hence, Var has to be corrected to calculate SLC

in this case.
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This problem is resolved by calculating changes in volume above flotation for the constructed case where sea-level is reset to
a constant level zo, typically at zero when the present day is the reference. Practically, Egs. (1) and (8) must be adapted to
calculate volume above flotation and potential ocean volume relative to zo as

0o _ . Pocean 1 (13)
Vaf —_ H(l.,]) + mln(b(i’j) - ZO,O) k2 dx dy

ice (%))

ij
and

0 1 (14)
Vpov = max(zo - b(i,j), 0) mdx dy.
L

iLj
The density correction in Eq. (10) remains unchanged leading with Egs. (3) and (9) to the corrected sea-level contribution

SLCyr = SLCY; + SLCSyy + SLCqen- (15)

6. Ice-sheet modelling example

Figure 3 illustrates differences in estimated sea-level contributions for an Antarctic ice-sheet model simulation (Pattyn,
2017). We have first applied a typical glacial-interglacial experiment (e.g. Golledge et al., 2014; Pollard et al., 2016;
Albrecht et al., 2019) over the last 120 kyr (Figure 3a) with the prescribed external sea-level change (based on sea-level
reconstructions by Bintanja et al. (2008) and Lambeck et al. (2014)) as a dominant forcing. Atmospheric forcing is produced
by perturbing present-day surface temperatures (RACMO?2, Van Wessem et al., 2014) with a spatially constant temperature
anomaly following ice-core reconstructions from EPICA Dome C (Jouzel et al., 2007), while correcting surface temperatures
for elevation changes (e.g. Huybrechts et al., 2002). The second part of the experiment (Figure 3b) continues from the
present-day configuration and shows the response to an extreme basal melt forcing applied under floating ice shelves. In this
schematic forcing scenario, present-day melt rates are multiplied by a constant factor of 200, resulting in melt rates of up to
100 m yr! in the Weddell and Ross sea sectors. This extreme melt forcing is not meant to represent a plausible scenario, it
only serves to simulate a rapid removal of all floating ice shelves, leading to a retreat of the ice sheet (Pattyn, 2017; Nowicki
et al.,, 2013).

Various SLC corrections and estimates are calculated against the initial configuration in Figure 3a (120 kyr BP) and Figure
3b (present day) and against the present day configuration in Figure 3¢. Accounting for all grounded ice (SLC,) leads in all
cases to the largest excursions in negative and positive sea-level contribution, due to ice grounded below the water level that
should mostly be replaced by sea-water (Figure 3). The sea-level contribution calculated from changes in ice volume above
flotation (SLC,) includes signatures of bedrock and (in the past) externally-forced sea-level changes. In the future retreat

scenario (Figure 3b), SLC, is too low compared to our corrected estimate (SLCY,,,) mainly because ice volume above

flotation is ‘created” by bedrock uplift. This effect of isostatic adjustment on SLC,f is exemplified by the steadily decreasing
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SLCyf towards the end of the experiment, while SLCQ,, remains near constant (due to compensating SLC,,,,). Accounting
for density differences between ocean and fresh water (SLCy,,,) corrects an additional, but smaller underestimation of SLC, .
The proposed method (SLCY,,,) is identical to (SLC,,,,.) for the future period (Figure 3b), where no external sea-level
forcing is applied, and results in an estimate of the sea-level contribution between SLC, and SLC.

In the paleo simulation (Figure 3a), SLC, is biased both by bedrock changes and external sea-level changes. Since SLC,,,, is

calculated in a fixed domain that includes grounded and floating ice and ice-free ocean areas, it is influenced by ice and
ocean water loading. In a glaciation scenario with a growing (Antarctic) ice load and decreasing global sea level (Figure 3a,
before 15 kyr BP), the correction SLC,,,, is a combination of a subsiding bedrock under the ice sheet (negative SLC,,,,) and a
rising ocean floor in response to reduced water loading (positive SLC,,,,). Although not fully separable, we have estimated
the contribution of the two effects by calculating SLC,,, within and outside of the glacial ice mask (see supplementary
Figure S1). Both effects are of similar magnitude in our setup but SLC,,, is slightly dominated by the changing ocean floor
after periods of rapid sea-level forcing change. In addition, during ice-sheet growth, the negative sea-level excursion in
SLC,y is exaggerated with increasing amplitude of the external sea-level forcing (cf. SLCyy and SLCgf). The proposed
method (SLCY,,,) results in an estimate of the negative sea-level contribution in the past of smaller amplitude compared to
SLCy, and SLC,; and shows that the magnitude and notably the timing of the Last Glacial Maximum low stand are subject to
considerable biases in SLC, (Figure 3c). The relative bias in SLC,f is larger for stronger ice-sheet retreat (not shown).

Differences between the different approaches to calculate SLC become important after 2-3 kyr, roughly corresponding to the

shortest response time of bedrock adjustment in the model.
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Figure 3 Different estimates of the sea-level contribution (SLC) from an Antarctic ice-sheet model simulation. (a) Sea-level
contribution for the last glacial cycle under external sea-level forcing. (b) Schematic deglaciation experiment over the next 40 kyr
in which an extreme sub-shelf basal melt perturbation is applied. The model experiment is continuous across year zero, but
estimates in (a) and (b) are referenced to the beginning of each period. (¢c) Same as (a) and (b) combined, but both experiments are
referenced to the present-day configuration. Some lines overlap in (b) and for the future in (c) because the external sea-level
forcing is assumed zero for that period. Final corrected sea-level contribution (SLCY,,,) calculated at constant external reference
sea-level, based on volume above flotation (Sch,), but corrected for potential ocean volume changes (SLC,,,) and density
(SLC gep)- The dashed lines (SLC .- and SLC5) show results calculated for a variable external sea-level forcing and SLC g, is the
sea-level contribution when considering all grounded ice without corrections.

7. Discussion and conclusions

We have presented a unified approach to calculate the sea-level contribution from a marine ice sheet simulated by an ice-
sheet model. The formulation notably corrects for changes in ice volume above flotation in the presence of bedrock changes
and external sea-level forcing. In this unified approach, sea-level contributions arise from changes in the ice volume above
flotation and potential ocean volume, while changes in external sea-level forcing are accounted for.

When bedrock changes occur under ice that is grounded (below sea-level), changes in potential ocean volume compensate

for changes in ice volume above flotation, resulting in a near zero net sea-level contribution as should be expected. Under

10
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floating ice (or open ocean), changes in volume above flotation are always zero, but bedrock changes imply ocean depth
changes that lead to differences in the sea-level contribution. For changes from floating to grounded ice and vice versa, the
combination of changes in ice volume above flotation and potential ocean volume yields unbiased results.

The region over which ice thickness changes and potential ocean volume changes are calculated must be fixed in time for the
comparison and may contain the entire model grid (as done here) or a reasonable subset. It should include all locations that
potentially see ice thickness and/or bedrock changes during a simulation. For models with local isostatic adjustment, the
region could be the glacial ice mask for paleo simulations and the observed present-day sheet-shelf mask for future
simulations dominated by retreat. For non-local isostatic models, the footprint would have to be extended.

In all calculations we have ignored any effects that arise e.g. from water storage in lakes on land and we also did not

consider the equation of state of seawater, which implies a non-linear dependence of density on salinity and temperature.
Data availability. The SLC time series in Figure 3 and S1 are available as supplement to this publication.
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