We would very much like to thank Bas de Boer for reviewing our study and for his constructive
comments. Please find below the referee’s comments in black font and the author’s responses in
blue font.

Responses to Bas de Boer (Referee #1)

The paper by Plach et al. describes a simulation of the Greenland ice sheet (GrIS) with a higher-order
model version of the ISSM ice-sheet model. The paper generally addresses the question to what extend
surface mass balance models influence the simulated volume of the GrIS during the last interglacial,
which is within the scope of TC. To my understanding this is at least one of the first papers that uses a
higher-order model to run ice-sheet models simulations of the last interglacial, in that sense it presents
novel concepts. However, I believe the conclusions reached do rely a lot on the experimental design
and caveats of using a higher-order model (relative to the more common, but less advanced shallow
ice/shelf models). I will discuss this below in more detail.

The methods used are well explained, but needs a bit more detail on some parts, see my main remark
#3. Results are well presented in nice figures, and support the interpretation and conclusions,
referencing is generally well done. The title is clear and concise and grasps the general conclusions of
the paper. I think a clear goal (my main comment #1) is not well explained, which should be added at
the end of the introduction. The overall presentation and structure, language and figures looks good.
References are appropriate.

In general your results are presented well in the figures and especially Table 3, Figure 6 and 10. I do
think that one can think of different experiments, specifically in the case of basal sliding or ice flow
(e.g. ice-flow parameters) that can have a larger impact on your results as those summarised in figure 6.
So the question is, is the suite of experiments you use here enough to draw the conclusion that SMB
has the largest influence on the simulated GrIS for the Eemian? Or does it rely (too much) on the
experimental design. As already was shown in previous papers (e.g. Van de Berg et al., 2011; Robinson
and Goelzer, 2014), Insolation is a dominant forcing that controls the SMB and thus the retreat of the
Gr1S (since CO2 variations are small..), so in that sense external forcing already controls the retreat in a
way. This should be discussed at the end and in the conclusions.

In summary, I would say my revisions are minor in the text, but I would like to see some additional
experiments as mentioned in my comments.

ref:

Robinson, A. and Goelzer, H., 2014. The importance of insolation changes for paleo ice sheet
modelling, The Cryosphere, 8, 1419-1428.

Van de Berg, W. J,, van den Broeke, M., Ettema, J., van Meijgaard, E., and Kaspar, F., 2011.
Significant contribution of insolation to Eemian melting of the Greenland ice sheet, Nat. Geosci., 4,
679-683.

We thank you for these constructive and positive comments and we addressed your comments below
and in the revised manuscript.

Main remarks:

1) Clear goal of the paper
Page 2, Line 29: Clear goal of the paper is lacking in the introduction. A (firm) sentence should be



added at the end here.
We added a clear statement of the aim of the study as a last paragraph in the introduction section.

2) Description of SMB methods

In Section 2.1, I would definitely like a bit more explanation on the two SMB methods in this section,
since it also largely determines your results. I do prefer to not fully read previous articles (Plach, 2018
or Helsen, 2013). Also add an explanation what the differences are between the 4 time slices you use
(CO2, orbits?), and the differences between the two SMB methods. What is ice-sheet topography that is
used in the NorESM simulations, etc.?

Yes, we acknowledge that additional details on the two SMB methods is useful and we added a more
detailed description in Sec. 2.1.. The four time slices only differ in terms of GHG concentrations and
orbital insolation. All climate simulations, both NorESM and MAR, use the present-day ice sheet
geometry. We added more information on this and the climate model simulations in the Section 2.1 and
2.3.

3) Experimental design

I have a number of remarks on the experimental design, outlined on page 4 and 5. Although you do use
a sophisticated model, which might be expensive to run, you also use a (faster) SSA-type setting of
ISSM to test basal friction. The initial conditions of your simulation are not tested, but have been
shown (e.g. Helsen et al., 2013) that it can influence your results. Although you mentioned in the
discussion that it is hard to include a full glacial spin-up for your simulations, I do think it would be
good to include an experiment (perhaps using the SSA-type model) to determine the influence of the
initial conditions (or pre glacial changes) on your Eemian simulations.

We agree that it would be desirable to perform sensitivity experiments of the initial conditions. We
present a very simple test of the influence of the initial state with our relaxed experiment, where we use
an ice sheet which is spun-up for 10 kyr with a pre-industrial SMB, i.e., climate and ice sheet are in
equilibrium. However, more comprehensive initial sensitivity tests would introduce many additional
simulation choices (i.e., more unknowns) and a spin-up with our ice sheet model would be very costly.
Furthermore, we lack a climate forcing older than 130 ka. Our climate and SMB simulations (taken
from Plach et al. 2018) only cover the period 130 to 115 ka. Greenland ice cores also do not provide
any information about the climate for the penultimate climate period. Our experiments are designed to
show the influence of two SMB models on the ice sheet evolution during a warm climate period which
is characterized by melting. We do not aim to provide an accurate estimate of the Eemian ice sheet
minimum, but we rather want to illustrate the influence of the choice of SMB model. For a more
comprehensive picture, of both the Eemian and the penultimate glacial period it is necessary to use
more than one climate (model) forcing. All climate and SMB simulations in this study and the
preceding Plach et al. 2018, only use one climate model. However, as previous Eemian climate model
intercomparison papers have shown (Bakker et al., 2013 and Lunt et al., 2013) the simulated Eemian
climate is quite different between climate models.

We clarified the aim of our study in the introduction section. Furthermore, we added additional
discussion on the impact of the initial conditions (e.g., ice sheet size and thermal state) and how they
would influence our results in Sec. 4.

Bakker, P., Stone, E. J., Charbit, S., Groger, M., Krebs-Kanzow, U., Ritz, S. P., Varma, V., Khon, V.,
Lunt, D. J., Mikolajewicz, U., Prange, M., Renssen, H., Schneider, B., and Schulz, M.: Last interglacial



temperature evolution — a model inter-comparison, Clim. Past, 9, 605-619, https://doi.org/10.5194/cp-
9-605-2013, 2013.

Lunt, D. J., Abe-Ouchi, A., Bakker, P., Berger, A., Braconnot, P., Charbit, S., Fischer, N., Herold, N.,
Jungclaus, J. H., Khon, V. C., Krebs-Kanzow, U., Langebroek, P. M., Lohmann, G., Nisancioglu, K.
H., Otto-Bliesner, B. L., Park, W., Pfeiffer, M., Phipps, S. J., Prange, M., Rachmayani, R., Renssen, H.,
Rosenbloom, N., Schneider, B., Stone, E. J., Takahashi, K., Wei, W., Yin, Q., and Zhang, Z. S.: A
multi-model  assessment of last interglacial temperatures, Clim. Past, 9, 699-717,
https://doi.org/10.5194/cp-9-699-2013, 2013.

Plach, A., Nisancioglu, K. H., Le clec’h, S., Born, A., Langebroek, P. M., Guo, C., Imhof, M., and
Stocker, T. F.: Eemian Greenland Surface Mass Balance strongly sensitive to SMB model choice,
Clim. Past Discussions, pp. 1-37, https://doi.org/10.5194/cp-2018-81, 2018.

Secondly, in general this section could use a bit more explanation. About the SMB methods, but also
about what you do with basal friction. Does it stay constant throughout an experiment, is it spatially
varying in both the HO and SSA experiments? See also comment on page 4, lines 9-12.

The basal friction coefficient is spatially varying but constant over time in all experiments (in both the
HO and SSA experiments). The following sentence in the manuscript (p. 4, 1. 11-12) is a bit misleading
and was revised: “...i.e., we exclude basal friction coefficients which lead to unrealistic elevation
changes at the deep ice core locations.” We performed all HO experiments with SSA first. In addition,
we performed additional SSA experiments with more extreme basal friction coefficients. The most
extreme basal friction coefficient values were excluded for the HO experiments as they lead to
unrealistic elevation changes (in the SSA experiments). We clarified this in the revised text in Sec. 2.3.

Thirdly, why you would keep the temperature prescribed at the surface constant (bottom page 4)? Is
this for reasons of numerical stability? Please explain. Otherwise you should include these in a
simulation on these time scales.

We agree that the surface temperature is important for spin-ups and similarly long simulations. The
evolving surface temperature has two impacts: 1) Influencing the SMB if a temperature dependent
SMB scheme like PDD is used. Which is not the case in our setup; we use a SMB which is evolving
over time (plus the SMB gradient method is applied). 2) The surface temperature affects the thermal
structure of the ice sheet. However, our simulations run for 12,000 years (which takes around 3-4
weeks), and ice that is newly formed during this period will not reach deeper than a few hundred
meters, i.e., this newly formed ice will not reach regions near the base where the largest deformation
happens. We therefore think it is unlikely that the newly formed ice will have a large influence on the
ice dynamical response. We added this reasoning in Sec. 2.3.

Finally, the same holds for bedrock adjustment. I think that it is necessary to include in paleoclimate
simulations. At least use an ELRA model to include this please, I think it is vital that this is included
when changes are relatively large (MAR-BESSI experiments in Fig. 1.2).

We agree that it would be good to include bedrock adjustment. However, ISSM does not include a GIA
model (in its transient simulation mode) at the moment, because not many people have used ISSM for
paleoclimate simulations until now. We made a simplified estimate of how the missing GIA is affecting
our SMB based on the SMB-altitude gradients which are used in our simulations. In the NE where the
MAR-BESSI simulations show the strongest retreat, the calculated SMB-altitude gradients are around
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minus 0.5m w.e./yr for a lowering of 1km. In the MAR-BESSI simulations the ice surface drops by
around 2km, the total rebound will be approximately 1/3 of this, for simplicity lets say 700m. However,
only a part of this (namely the elastic rebound) might uplift fast another to show significant effects on
the SMB (within the time that our SMB is strongly negative). If we use 500m uplift, which is probably
an overestimation, this would result in a SMB which is 0.25m w.e./yr less negative than it is without
the GIA. Since the SMB in the NE is very negative it is unlikely that including GIA would change the
results dramatically because the two SMBs are so different. Due to the simplified nature of these
calculations, we chose not to include them in the revised manuscript. However, we discuss the principle
problems of neglecting GIA in Sec. 4.

4) Experiments

Looking at Table 2 and reading the text on page 5,6 it is unclear to me how many experiments you
performed and with what model. From the final note on page 6 (line 10.11), I think you did a lot of
experiments also with the SSA version of ISSM, but from Table 1, it looks like you only did one.
Perhaps number all experiments you did, individually, in Table 1, or make a clearer list, mentioned
how many experiments you use in the analysis for this paper exactly. Make clear for which
experiments you used the SSA version of ISSM. The ’relaxed’ experiments is (sort of) an experiment
testing the initial conditions I would say. But considering my previous comments it might be
worthwhile to also include additional experiments that include a (glacial) spin-up (using the SSA
version) of the GrIS. See also my specific comments in the attached pdf.

We performed all HO experiments beforehand with SSA. We also performed additional simulations
with SSA to find the appropriate parameter values for our HO sensitivity experiments. However, we
chose not to discuss the SSA experiments in detail to keep the manuscript concise. The idea behind
using ISSM was to test the more advanced higher-order setup for paleo applications in a simplified
setup.

We clarify in the revised text that we are using a simplified setup (missing GIA, no ocean forcing, ice
sheet domain,...) at several points in the revised text and we clarify which experiments we performed
in Sec. 2.3..

5) Discussion of results

I think it is essential, concerning your main results, that you explain what causes the differences
between the SEB and BESSI models. An additional paragraph that would concisely explain the
differences would be good. Shortly reading through your 2018 paper, the differences do not seem to be
that large in terms of SMB, however in terms of final ice volume changes are rather significant. Also
discuss which do you consider to be the most realistic, and what factors/processes could play a role in
determining the SMB.

We added additional information about the two SMB models in Sec. 2.1.. However, it is challenging to
provide a “most realistic” model. Although we chose SEB as a reference in Plach et al. (2018), because
it uses the most comprehensive physics and has been validated extensively over Greenland. In a paleo
application with large uncertainties of the climate forcing, it is challenging to clearly pick one model
over the other.

Plach, A., Nisancioglu, K. H., Le clec’h, S., Born, A., Langebroek, P. M., Guo, C., Imhof, M., and
Stocker, T. F.: Eemian Greenland Surface Mass Balance strongly sensitive to SMB model choice,
Clim. Past Discussions, pp. 1-37, https://doi.org/10.5194/cp-2018-81, 2018.

Your discussion (starting on page 16, line 28) is in a way good to show what the HO version of ISSM



can (and cannot) be used for. Considering you are not using bedrock adjustment, ocean forcing, and
keep the boundary of the ice sheet fixed, it makes me wonder if ISSM is a suitable model to be used for
forthcoming paleoclimate (glacial-interglacial) simulations. There are so many other options available
nowadays. Nonetheless, I do feel it is a suitable tool to investigate warmer than present climates, but
initial conditions and pre-glacial impact on the interglacial (e.g. GIA, ice rheology, relative sea level)
are vital to assess the exact changes of the GrIS during the last interglacial.

We clarify in the revised text that we see our manuscript more as a sensitivity study rather than one
aiming to provide an accurate estimate of the Eemian GrIS. The study focuses on impacts of SMB vs.
higher-order/basal stress which clarify in several places in the text.

Comments on the figures (also in the pdf).
Add panel numbers to figures 3,4,5,7, 8 and 9. Use panel numbers when referring to the specific panels
(have commented this at some locations, but not all).

Figure 1
add legend inside the figure (e.g. bottom right). I would suggest to put ice volume on the left axis and
add sea-level contribution (relative to the modern ice sheet) on the right.

Figure 2

Definitely need a legend in, or next to, this figure. You might want to use a bit darker shade of yellow.
Perhaps make all lines a bit thicker too. Same as fig. 1, switch the y-axis and use sea level contribution
relative to PD on the right.

Figure 3

Why is SMB still positive in the southwest area in the BESSI experiment for 125 ka? Please discuss
this in the text. It looks like it already stems from the beginning of the run (also slightly visible in the
127 ka picture).

Figure 5
I suggest to put the y-axis in meters. The grey lines are not so well visible, would use a colour (blue?).

We revised the figures.
General comments

General remarks are provided in the attached pdf. Please also note the supplement to this comment:
https://www.the-cryosphere-discuss.net/tc-2018-225/tc-2018-225-RC1-supplement.pdf

We thank Bas de Boer again for the overall positive evaluation of our manuscript and his
thorough comments which will improve our manuscript significantly! The comments directly in
the pdf are very useful, and will be implemented into the revised manuscript.



We would very much like to thank the anonymous referee #2 for their constructive comments.
Please find below the referee’s comments in black font and the author’s responses in blue font.

Responses to Anonymous Referee #2
— Overview —

In this paper, the authors present a series of transient model simulations of the Eemian Greenland ice
sheet (from 127 to 115 ka) where they compare the impact of a) discrepancies between external surface
mass balance (SMB) forcings, b) perturbations to the assumed basal friction conditions, and c) two
different ice flow model approximations. Most of these simulations are performed using both a recent
version of a higher-order ice flow model and a simpler version of it that employs a faster shallow shelf
approximation (SSA). The setup uses basal friction conditions obtained by an inversion from observed
(modern) surface velocities, and leaves out some processes such as, e.g., glacial isostatic adjustment,
ice-ocean interactions, and thermal spin-ups due to the computational expenses of the higher-order
model. Based upon the results, the authors draw the conclusion that —for simulations of the Greenland
ice sheet during warm periods— the representation of surface mass balance is more important than the
representation of ice flow and that efforts should focus on improving the former rather than the latter.

Thus, the title of the paper is, in my opinion, well suited and highlights the interesting use of a higher-
order ice sheet model on paleo-climatic setups, which so far have been dominated by models with
simpler ice flow approximations. Therefore I think that this study is well within the scope of TC. The
abstract is adequate. The presentation of the paper (structure, language, etc.) is very good, the text is
easy to follow, experimental steps are for the most part clear (see my comments below), references are
in general good, and the existing figures complement the text well (although I have some requests). I
support this manuscript, providing that the authors address the minor issues described in the general
and specific comments below.

We thank you for your overall positive evaluation of our study and we address your comments below
and in the revised manuscript.

— General Comments —

Although I think that the conclusions do indeed follow the results, my main concern is that those
conclusions could be limited by the methodology used to arrive at those results (although not
necessarily incorrect). In other words, I am left with the impression that the ice flow representation
(including basal friction) could have a stronger impact if the above-mentioned compromises due to
computational expenses were not present. As an example, the lack of a spin-up implies that the initial
conditions do not include thermal or isostatic rebound signals representing past ice sheet states. Related
to this, those past ice sheets configurations can be dependent on the degree of complexity of the ice
flow approximation used, particularly if the ice sheet’s advances and retreats involve interaction with
the ocean. At the end, the initial conditions could be very different depending on the ice flow
representation used during a spin-up, and these impacts can be amplified by other model components
such as glacial isostatic rebound. Connecting to this, I also wonder if the inclusion of rebound (and its
interaction with the SMB altitude-feedback) would decrease the contribution to the ice thickness
change from the differences in surface mass balance.

Furthermore, I think that the "parameter space" explored for the ice flow-related experiments is not
enough to showcase the total range of impact, especially for the basal friction experiments. For



example, the authors test a relative small change to these coefficients and an extreme change, and then
discard the latter due to unreasonable (and preliminary, since these are not shown) results. However,
there are no attempts at testing the impact of less extreme changes with the aim of finding a "maximum
impact" that is still reasonable.

To sum up, from my experience I mostly agree that getting the surface mass balance right plays
consistently a crucial role on the evolution of a modelled ice sheet (even outside of interglacials or
land-based ice sheets), but from the paper it is not completely clear that the significantly smaller impact
of ice flow-related processes is not (at least in part) a consequence of the limitations required in order
to utilize the sophisticated higher-order ice flow model. If additional experiments using the higher-
order model are not possible due to computational constraints, there is (almost) always the possibility
to run those experiments in the simpler SSA model, especially since the authors do not find extreme
differences between the models. This could be done at least as supplementary materials to shed some
light on the mentioned issues. I will elaborate on these issues as they occur in the text below.

Thanks, we agree that the missing isostatic rebound will most likely lower the total ice loss, particularly
in the MAR BESSI experiments. We added a discussion on the missing GIA in Sec. 4. Please also see
the response to a similar question of reviewer #1. Furthermore, we emphasize that we use a simplified
setup (missing GIA, no ocean forcing, ice sheet domain,...) in the revised text.

Concerning the “parameter space” issue you mention. We performed additional SSA experiments, but
only discuss two of these SSA experiments to keep the manuscript concise. We clarify how many and
which additional SSA experiments we performed in the revised text.

— Specific Comments —

Page (P) 2, Line (L) 20-23: These lines give the misleading impression that the SIA and SSA are used
separately in hybrid models, with marked boundaries between the regions where each of them is
applied. As far as I understand, there is a difference between using the SIA and SSA separately for,
e.g., grounded and floating ice, respectively (i.e. with the grounding line as the "boundaries between
these two approximations”, as in the main experiments of Pollard and De Conto, 2009), and using what
is currently known as "hybrid model". In fact, one of the main motivations stated in Bueler and Brown
(2009) was to overcome the flux and velocity problems where SIA and SSA meet, when applied to
model grounded ice streams, and to provide a scheme that generates well-behaved, "continuous"
intermediate states. Modern hybrid models (mostly following Bueler and Brown, 2009) usually
combine both approximations in various ways to obtain a smooth transition between SIA dominated
and SSA dominated regions. Please reformulate.

Thank you, we added appropriate references.

P 3, L 9: In "best guess Eemian SMB simulations", "guess" sounds a bit out of place / redundant. Also,
based on what are these simulations the best? A few words here giving the criteria used and the types
of SMB models tested in Plach et al. (2018) would be appreciated.

We added more details on the differences between the two SMB models and why they are chosen in the
method section. See also reply to reviewer #1. We rephrased to avoid the formulation “best guess™.

P 3, L 13: Since the SMB is computed using modern topography and the altitude-SMB feedback turns
out to be quite important (as shown by your results), I wonder if the gap between the control and



corresponding MAR-BESSI experiments would be smaller under a different topography. For example,
(looking at both 125 ka panels of Figure 3) if you started the simulations from a lowered and/or
retreated ice sheet in the north-east this could potentially trigger a positive feedback that turns the
MAR-SEB SMB negative, causing a similar retreat to that in the MAR-BESSI experiment. You do
mention something similar in page 11, line 10, but I would like to see an additional experiment testing
this, or (if this is definitely not feasible) at least a discussion on this possibility in the manuscript, since
I think it is within the scope of this study.

Thank you, we address this important issue in the discussion section of the revised version. However,
we are afraid that additional MAR-SEB simulations with a lowered ice sheet are indeed unfeasible due
to the high computational demands of the regional climate model MAR. Furthermore, a lowered ice
sheet would be chosen rather arbitrarily, because Greenland ice cores do not constrain the GrlS
geometry before 130 ka. As a result of the ill-constrained geometry, we would need to perform several
sensitivity experiments with various geometries and we think this is beyond the scope of this paper.
However, we discuss the differences in our relaxed experiment further (initiated with different ice
sheet).

P 3, L 17: "... lower threshold of 100 points ..." points of what? Although I appreciate a summary of
previously published methods, it seems to me that this description utilizes terms assuming that the
reader is already familiar with those same methods. Please reformulate so the description can be read
independently from the cited paper.

We reformulated the description of the SMB gradients method and extended its explanation in Sec. 2.1.
The “100 points” is referring to 100 grid points. The methods looks at grid points in a radius of 150 km
around each grid point for which the SMB gradient is calculated. For each grid point the method
calculates an ablation and an accumulation gradient.

P 4, L 5: What is the (real) time required to run each of these 12 kyr simulations on your higher-order
configuration? Since using a higher-order model is part of the novelty of this study, this could be an
interesting detail to some readers.

One simulation takes about 3-4 weeks on a single node with 16 cores. We added this information in the
revised text.

P 4, L 8: "with a modern GrIS" What is the internal thermal structure of the ice sheet at the beginning
of the experiments? How is it computed? Please specify.

We prescribe pre-industrial temperatures at the surface (from the MAR climate simulations) and at the
base we use the enthalpy formulation after Aschwanden et al., 2012 to determine the basal boundary
conditions (cold or temperate ice) using a prescribed geothermal heat flux (from Shapiro and
Ritzwoller, 2004). A thermal steady state calculation is performed, employing a heat transport equation
to get the internal thermal structure. We updated the manuscript with additional details in Sec. 2.3.

Aschwanden, A., Bueler, E., Khroulev, C., and Blatter, H.: An enthalpy formulation for glaciers and ice
sheets. J. Glaciol., 58(209):441--457, 2012.

Shapiro, N. and Ritzwoller, M.: Inferring surface heat flux distributions guided by a global seismic
model: particular application to Antarctica, Earth and Planetary Science Letters, 223, 213-224,
https://doi.org/10.1016/j.epsl.2004.04.011, 2004.



P 4, L 9-12: This is not clear to me. How are these limits for the friction coefficients computed? Do you
simply prescribe different (homogeneous/spatially varying?) coefficients until the resulting elevations
change "too much" compared to ice core data? Is this done before any inversion? If so, and considering
that the inversion will produce spatially varying coefficients, why would these limits be valid for the
entire domain? Please clarify.

We perform an initial inversion for the basal friction coefficient and then we multiply these inverted
basal friction coefficients (which are spatially varying) by factors of 0.5, 0.9, 1.1, and 2.0 (for the
>500m/a sections) and 0.9, and 1.1 (for the entire ice sheet). The limits are referring to these
multiplication factors and the basal friction coefficient is always spatially varying. We revised the text
and clarified the explanation in Sec. 2.3. Furthermore, we discuss examples of SSA experiments which
do not fit proxy reconstructions of surface elevation change also in Sec. 2.3.

P 4, L 12-14: Do you run two independent inversions to derive the basal friction coefficients for the
higher-order and SSA setups? Under what internal and boundary conditions is this inversion
performed? Please clarify and elaborate a bit more on this procedure. Also, I would like to see a figure
with the inverted distribution(s) of these coefficients, since the perturbation of these coefficients is an
integral part of the study.

Yes, we perform independent inversions for the higher-order and SSA setup. The inversion chooses
different basal friction coefficients because the stress balance is represented differently in the higher-
order and the SSA setup. For the inversion to infer the basal friction coefficient, the ice viscosity is
prescribed. After this thermal steady-state simulation the ice viscosity is updated according as a
function of the newly calculated thermal profile (Cuffey and Paterson, 2010). The basal friction
coefficients are then iterated to minimize three cost functions (Table 1 in the manuscript) --- absolute
misfit between the modeled and observed velocity fields, logarithmic misfit between the modeled and
observed velocity fields, and absolute gradient of the basal drag. We expanded the corresponding
description in Sec. 2.3.



—500000 2 0 0

max: 200.0000 min: 0.0500mean: 80.7285

—~1000000

160

—1500000

120

—2000000

—~2500000

—~3000000

—3500000 O
=600000 —400000 —200000 0 200000 400000 600000 800000

Figure 1: Distribution of basal friction coefficient for the 3D higher-order experiments after inversion
from observed present-day surface velocities (no factors applied). The higher the value, the higher the
friction.

Cuffey, K. M. and Paterson, W.: The Physics of Glaciers, Elsevier Science, Burlington, 4th edn., 2010.

P 4, L 25: "the ice sheet domain remains fixed throughout all simulations" This line is confusing at
first, since it gives the impression that the ice sheet area is fixed (i.e. cannot retreat or advance). Then it
is clarified that it cannot advance "beyond the (modern) ice domain", although it is not clear if it can
retreat. Only in page 8, lines 12-14 it is clear that it can retreat and re-advance. Please reformulate so
this is clear from the beginning.

Thank you, we rephrased the text.

P 4, L 27-29: Why is the surface temperature prescribed and kept fixed at pre-industrial values? Is this
simplification necessary? I would like to see a confirmation that its influence on the thermal structure is
negligible, particularly in the regions where the ice sheet elevation decreases significantly.

Although we agree that the surface temperature is very important for the thermal structure during a
spin-up over a glacial cycle. We chose to do keep the surface temperature constant for simplicity as we
think it has only minor impacts on our simulations. Our simulations run for 12,000 years (which takes
around 3-4 weeks), and ice that is newly formed during this period will not reach deeper than a few
hundred meters, i.e., this newly formed ice will not reach regions near the base where the largest
deformation happens. Please also see a similar remark of reviewer #1 (remark 3, third point). We added
a discussion in the revised manuscript.



P 5, L. 16: Did you consider other velocity thresholds during initial testing? What is the reason for this
particular value of 500 m/yr? Please elaborate.

The threshold of 500 m/yr was chosen to include all major outlet glaciers, large parts of ice streams or
other fast flowing ice (See contours in Fig. 8c). We did not test other thresholds.

P 6, L 3-6: Did you test other values for the multiplying factors (i.e. between 0.5-0.9 and 1.1-2.0) over
the entire ice sheet? While halving/doubling the value of the friction coefficients might indeed give
unrealistic results, it would be interesting to see the rate of change of the ice volume curves (as in Fig.
1) for more modest increments (e.g. 0.7 and 1.5). Also, I think it might be useful to show anyway the
curves for 0.5 and 2.0 (at least as a supplement), just to see how they relate to the rest of the results.

With the SSA setup we also tested factors of 0.8 and 1.2 for the outlet glaciers as well as for the entire
ice sheet. We added more explanation in the revised manuscript in Sec. 2.3. Please, also note our
respond to reviewer #1 (remark 4).

P 7, L 4-7: According to the text, the outlet glaciers are defined as the areas with ice (surface?)
velocities > 500 m/yr. The resulting "outlet regions" are shown in Fig. 8 and 9. How much would the
resulting outlet regions change if a lower threshold was used? Would the bigger area-of-effect impact
the results/conclusions? Additional tests here are welcome. Also, it seems that these outlet regions are
defined at the beginning and not updated over time as the ice sheet retreats and new areas reach the
required threshold. Would a continuous identification of outlet regions change the results as well? I
would like to see these points addressed in the discussion.

We address this in the discussion section of the revised manuscript.

P 9, L. 4-5: How do these 600 m and 1500 m of elevation change compare to the changes due to
halving/doubling the friction coefficients? Is the impact of the latter even stronger than, e.g., 1500 m?
Connected to a previous specific comment (P6,1.3-6), I think it would be useful to see the results of
those particular discarded experiments.

At the EGRIP location more extreme changes of the basal friction coefficient do not show a stronger
effect since the lowering at this location is already substantial and only a thin layer of ice remains. We
added a discussion with examples of elevation change in the SSA experiments in Sec. 2.3.

P 11, L 11-16: There is a build-up of ice in the northeast margin (and most outlets) in the "basal*0.9"
experiment, whereas there is a local thinning of the outlets in the outlets*0.5 experiment. Do you think
that the latter would be able to compensate for the additional influx from the interior in a hypothetical
experiment that uses *0.5 at the outlets and *0.9 elsewhere? This could cause a bigger impact than the
cited experiments, while still keeping the assumptions in the manuscript. If possible, please test this. I
would like to see this possibility addressed in the discussion.

P 12, L. 2-3: "Note that the thinning affects ice thickness upstream from the outlet region". Yes, and this
connects to my previous points regarding basal friction: I think it is very possible to maximize the
impact of basal friction uncertainty if other choices are made, e.g., lower threshold for outlet
identification (thus increasing the area-of-effect), lower multipliers for the coefficients, different
multipliers for interior an outlets, etc. I think it would be useful to see the outcome of such choices at
the "extremes" of reasonable assumptions in additional experiments.



Thank you, these are interesting ideas and we address them in the discussion section of the revised
manuscript.

P 12, L 5-8: Fig. 9 (right) does not seem to clearly support the text, as the changes in the velocity field
seem far from local, even reaching close the divides. In other basal friction configurations (see my
previous point P12,1.2-3), these changes could have significant effects. Please discuss.

This is a good point, there are also changes close to the ice divide. However, they are very small in
magnitude (range of 1 m/yr). We rephrased the section to reflect your concerns.

P 13, L 3: While the sentence is technically correct, I would add "among our tests" (or similar) after
"gives the biggest difference in the simulated Eemian ice sheet evolution", to acknowledge the
possibility of different results under conditions or configurations not tested here.

The sentence was rephrased accordingly.

P 13, L 9-14: Following my previous points (e.g. P12,1.2-3), I would like to see here a discussion on
other basal friction configurations that could potentially have a larger impact on the Eemian ice sheet
volume, addressing those points.

We address this issue in the revised discussion section.

P 14, L 6: "develop a new equilibrium ice sheet" The ice sheet configurations at the end of these
transient experiments are not in equilibrium, at least not in the usual sense (e.g. steady-state simulations
under non-varying climate conditions). Please replace using "a new ice sheet state" or similar.

Thank you for pointing this out. We rephrased accordingly.

P 14, L 11-12: Following my previous point (P3,L.13), I would like to see here a discussion on the
potential impacts of a smaller initial ice sheet and its interaction with the altitude-SMB feedback.

We address this in the revised discussion section.

P 16, L 4-5: This sentence highlights my main concern described above. On the one hand, the higher-
order model is too expensive to perform additional experiments. On the other hand, the SSA model is
described here as unable to run those simulations due to its limitations. Connecting to my previous
comment (P2,1.20-23), it seems that there are other options you could use to assess the impact of these
important processes. Since one of your conclusions mentions a "limited influence of the ice flow
approximation on the simulated minimum ice volume", would not a, e.g., hybrid model be a good
candidate to (at least) clarify these issues?

We agree that a future study with more sensitivity experiments could indeed profit from a more cost-
efficient hybrid model. However, here we wanted to focus on the impact of SMB vs. ice flow
representationin the most realistic way feasible on millennial-scale simulations. Furthermore, we
emphasize that we use a simplified setup and that our goal is not to provide the most accurate estimate
of the Eemian GrIS in the revised manuscript.

P 16, L 10-12: These lines suggest that the inversion of friction coefficients is done separately for the



higher-order and SSA models (see my previous point P4,1.12-14). Please clarify this in Section 2.2.

Yes, this is correct. The inversion is performed separately for higher-order and SSA. We clarified in
Section 2.2.

P 16, L 16-17: Would the impact of including basal hydrology on the computational expenses be large
enough to make your experiments unfeasible? Has this been tested?

At the moment basal hydrology is not implemented in ISSM. However, the computational demands of
colleagues in our institute working on the development of advanced basal hydrology schemes, are
large, so that we concluded that an implementation within our experimental setup is unfeasible at the
moment.

P 16, L 19-21: In connection with my previous point (P7,L.4-7), if the goal is to compensate to some
degree for the lack of basal hydrology, I think that a continuous identification of outlet regions would
be a better choice; otherwise, you are accounting for it only where the initial conditions do not change.
Please address the possibility of other basal friction / outlet regions configurations that could have a
stronger impact on the results.

Yes, we agree that a continuous identification of the outlet regions would be a better choice. However,
this would be technically very challenging with our current ISSM setup. The primary objective of our
study was to provide a relative perspective on uncertainty in the SMB by showing it side by side with
idealized variations in basal friction that cover a realistic range. It is not meant to be an exhaustive
analysis of the latter. We emphasized this in the revised manuscript.

P 16, L 26-27: Similar to how the outlet experiments attempt to account for basal hydrology, additional
experiments with a reduced initial ice sheet could attempt to account for the influence of pre-Eemian
ocean forcing (see also my previous point P3,1.13)

P 16, L 31-32: "Furthermore, a spin-up would require ..." It is still unclear to me what are the internal
ice sheet temperatures at the beginning of the experiments, but what if the spin-up is performed with a
fixed topography, i.e., letting ice velocities, temperatures, etc. evolve under a transient climate signal?
Would not that be more realistic than a modern temperature profile or no profile at all? Please clarify.

For the initial thermal structure please note our response to P 4, L. 8. Please also note our response to a
similar issue of reviewer #1 (remark 3). A spin-up experiment would very much dependent on the used
pre-130ka climate (SMB, temperature, ocean forcing,...) which is not well constrained (e.g. by
Greenland ice cores). Furthermore, our climate simulations only cover the period 130 to 115 ka. We
therefore conclude that initial sensitivity experiments would add many additional simulation choices
(i.e., more unknowns) which would require many additional experiments which is unfeasible with our
model setup. We added a discussion on this in the revised manuscript.

P 16, L 33-34: This is not clear to me. If the mesh cannot easily adapt to changes in topography, what
happens with the mesh in, e.g., the MAR-BESSI experiment at 125 ka where the ice margins have
retreated? Do you simply use the initial (low?) resolution mesh there? If so, does this low-res mesh
affect the results (e.g. enhancing the retreat)? Please clarify this.

This is a challenging issue, which is also related to your comment on the identification of the outlet
regions. We use the same mesh at all times and it would be desirable to adapt the mesh over time, and



the outlet regions as well. However, this is not implemented in ISSM at the moment. We clarified in
the revised text.

P 17, L 1-3: T am not 100% convinced that the uncertainties in the initial conditions are completely
outside the scope of your study (see P3,L13; P14,1.11-12; P16,L.26-27). In any case, I would replace
"will be attempted" with something like "will become feasible", so it sounds like a possibility rather
than a promise.

We rephrased “will become feasible” and we think evaluating the uncertainties in the initial conditions
would require many more experiments, which are unfeasible with our current setup. We rather focus on
the difference impacts of SMB vs. higher-order ice flow.

P 17, L 5-6: I would like to read an interpretation after this observation. Although this result does not
necessarily mean that MAR-BESSI is better than the control SMB, it could point to systematic biases
in the modelling setup that cause the former (and the latter) to underestimate its contribution to sea
level rise.

Thank you, this is an interesting point. We address this in the revised manuscript.

P 18, L. 5-10: The conclusions do not mention the impact of basal friction conditions, which is a
significant part of the study. Please summarize these results as well, keeping in mind the potentially
stronger impact mentioned in many of my previous points.

We revised extended the conclusion and now also the basal friction conditions are included.

P 18, L 10-12: I think that the strength of this conclusion contrast (at least in magnitude) with the
general conclusions the authors draw elsewhere (e.g. in lines 2 and 3 of this same page). Again, I agree
that getting the SMB right is important, but do not think that reducing the focus on the representation of
the ice flow (and here I include basal and internal processes too) is an appropriate call here. After all, a
better (and more efficient) representation of ice flow could eventually allow the inclusion of the very
same processes neglected in this study. Please reformulate.

Thank you, we rephrased this section and are now emphasizing we use a simplified setup.

— Technical corrections —

P 3, L 6: Here I am missing a core reference for MAR and the setup used.

P 3, L 25: Is there a reference that documents ISSM version 4.13? I suggest to merge this detail with
the sentence in P 3, L 31: "... higher-order configuration of ISSM ver4.13 is used (Cuzzone et al,
2018)".

P 7, L 3: change -> changed

P 9, L 6: in simulated ice surface between -> in the simulated ice surface elevations between

P 10, L 2: within the reconstructed surface elevation change -> within the uncertainty of the surface
elevation change reconstructed from total gas content



P 10, L 5: with ~2.5 m difference -> with a difference in sea level rise of ~2.5 m

P 12,L 7: 0.5 * -> outlets*0.5

P 16, L 30: is allows -> it allows

Thank you for these technical corrections. We revised the text accordingly.
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Eemian Greenland ice sheet simulated with a higher-order model
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Abstract. The Greenland ice sheet {GrlS)-contributes increasingly to global sea level riseand-its-pasthistory-. Its history during

past warm intervals is a valuable reference for future sea level projections. We present ice sheet simulations for the Eemian
interglacial period (~+25130,000 to 115,000 years ago), the-period—with-the-mostreeent-a period with warmer-than-present
summer climate over Greenland. The evolution of the Eemian GrlS-Greenland ice sheet is simulated with a 3D higher-order
ice sheet model, forced with surface mass balance (SMB)-derived from regional climate simulations. Sensitivity experiments
with different-SMByvarious surface mass balances, basal friction, and ice flow approximations are discussed. We-find-that-the
SMB-feretngis-The surface mass balance forcing is identified as the controlling factor setting the Eemtan-mintmum-minimum

in Eemian ice volume, emphasizing the importance of a reliable SMB-medel-Our-surface mass balance model. Furthermore,

the results suggest that when-estima
Eemian-interglacial-periodthe-SMB-the surface mass balance forcing is more important than the representation of ice flow for

simulating the large-scale ice sheet evolution. This implies that the future contribution of the Greenland ice sheet to sea level
rise highly depends on an accurate surface mass balance.

1 Introduction

The simulation of the Greenland ice sheet (GrIS) under past warmer climates is a viable way to test methods used for sea level
rise projections which remain uncertain for a future warmer climate (Church et al., 2013). This study investigates ice sheet sim-
ulations for the Eemian interglacial period. The Eemian period (~+25130,000 to 115,000 years ago; thereafter+25hereafter 130

to 115 ka) is the most recent warmer-than-present period in Earth’s history and thereby provides an analogue for future warm

e.g., Capron et al., 2017) and ice core records from NEEM (the North Greenland Eemian Ice Drilling project in northwest
Greenland, NEEM community members, 2013) indicate a local warming of 8.5+2.5°C (Landais et al., 2016) compared to

warmer climates (e.g., Clark and Huybers, 2009; Yin and Berger, 2015
. The Eemian summer temperature is estimated to have been 4-5°C above present over most Arctic land areas (CAPE LastInterglactal Proje:
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pre-industrial levels. In spite of this strong warming, total gas content measurements from the Greenland ice cores at GISP2,
GRIP, NGRIP, and NEEM indicate an Eemian surface elevation no more than a few hundred meters lower than present (at these
locations);e—g--. NEEM data indicates that the ice thickness in northwest Greenland decreased by 400£250 m between 128
and 122 ka with a surface elevation of 130£300 m lower than the present at 122 ka, resulting in a modest sea level rise estimate

SHNEEM community members, 2013, c.f., Fig. 5

. Nevertheless, coral reef derived global mean sea level estimates show values of at least 4 m above the present level (Overpeck

of 2 m

et al., 2006; Kopp et al., 2013; Dutton et al., 2015). While this could suggest a reduced Antarctic ice sheet, the contribution
from the GrIS to the Eemian sea level highstand remains unclear. Previous modeling studies (Letréguilly et al., 1991; Otto-
Bliesner et al., 2006; Robinson et al., 2011; Born and Nisancioglu, 2012; Stone et al., 2013; Helsen et al., 2013) used very
different setup and forcing, and show highly variable results.

HeweverIce sheets loose mass either due to a reduced surface mass balance (SMB) or accelerated ice dynamical processes.

Therefore ice dynamical processes may alse-have contributed to the Eemian mass-ice loss, e.g., through changes in basal
conditions=, similar to what is seen today and what is discussed for the future of the ice sheet: Zwally et al. (2002) associate
surface melt with an acceleration of GrIS flow and argue that surface melt-induced enhanced basal sliding provides a mecha-
nism for rapid, large-scale, dynamic responses of ice sheets to climate warming. Several other studies have attributed the recent
and future projected sea level rise from Greenland partly to dynamical responses: Price et al. (2011) use a 3D higher-order
model to simulate sea level rise caused by the dynamical response of the GrlIS, and they find an upper bound of 45 mm by
2100 (without assuming any changes to basal sliding in the future). This dynamical contribution is of similar magnitude as
previously published SMB-induced sea level rise by 2100 (40-50 mm; Fettweis et al., 2008). Pfeffer et al. (2008) provide a sea
level rise estimate of 165 mm from the GrIS by 2100 based on a kinematic scenario with deubled-eutletglacierveloeitiesi-e
doubling ice transport through topography-constrained outlet glacier gates. Furthermore, Robel and Tziperman (2016) present
synthetic ice sheet simulations and argue that the early part of the deglaciation of large ice sheets is strongly influenced by an
acceleration of ice streams as a response to changes in climate forcing.

In this study, we apply a computationally efficient 3D higher-order ice flow setup (alias Blatter-Pattyn; BP; Blatter, 1995; Pat-

tyn, 2003) implemented in the Ice Sheet System Model (:SSM;-Cuzzone-et-als2648)(ISSM; Larour et al., 2012; Cuzzone et al., 2018)

. Including higher-order stress gradients provides a comprehensive ice flow representation and-enables-ts-to test the importance
of the ice dynamics for modeling the Eemian GrIS. Furthermore, we avoid shortcomings in regions where simpler ice flow ap-
proximations, often used in paleo applications, are inappropriate, i.e., fast flowing ice in the case of the Shallow Ice Approxima-
tion (SIA; Hutter, 1983; Greve and Blatter, 2009) and regions dominated by ice creep in the case of the Shallow Shelf Approx-
imation (SSA; MacAyeal, 1989; Greve and Blatter, 2009). The higher-order approximation is equally well suited to simulate

33 : i2)

slow as well as fast ice flows=c—arobmmiehesmirdemaina i e s abheren sieme il s Dol bl nn el

Plach-etal(2648a)-Plach et al. (2018b) show that the simulation of the Eemian SMB is strongly dependent on the ehoice-of
SMB-medel-SMB model choice. Here, we test SMB forcing derived from dynamically downscaled Eemian climate simulations
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and two SMB models (a full surface energy balance model and an intermediate complexity SMB model) as described in
Plach-et-al2048a)Plach et al. (2018b). Furthermore, we perform sensitivity experiments varying basal friction for the entire

GrIS, as well as localized changes below the outlet glaciers.

The aim of this study is to compare the impact of SMB and basal sliding on the evolution of the Eemian GrlS. Furthermore,
employing a 3D higher-order se i i i i
internakice-dynamical processes for a-period-of elimate-warmingice flow setup, instead of simpler ice dynamical approximations
often used in millennial-scale ice sheet simulations, is a novelty of this study. It allows us to evaluate the importance of the ice
flow approximation used for Eemian studies.

2 Models and methedsexperimental setup

2.1 ModeldeseriptionSMB methods
SMB-foreing

The SMB forcing used-in-this-study-is based on Eemian time slice simulations with a fast version of the Norwegian Earth System

Model NorESMHI-F-Guo-et-al;2048)representing(NorESM 1-F; Guo et al., 2019) representing the climate of 130, 125, 120,
and 115 ka eenditionsusing respective greenhouse gas concentrations and orbital parameters (details in Plach et al., 2018b). In
the climate model simulations the present-day GrlS topography is used. These global simulations are dynamically downscaled

over Greenland with the regional climate model Modele Atmosphérique Régional MMAR)—The-(MAR; Gallée and Schayes, 1994; De Ridde

. Subsequently, the SMB is calculated with (1) a full surface energy balance model as implemented within MAR (MAR-
SEB) and (2) an intermediate complexity SMB model (MAR-E i

MAR-BESSI; BErgen Snow SImulator; BESSI; Born et al., 2018). Both models are physically based SMB models includin

. MAR-SEB is bidirectionally coupled to the atmosphere of MAR (i.e., evolving SEB impacts atmospheric processes, for
example: albedo changes impact surface temperature, cloud cover, humidity, etc.), while MAR-BESSI is uncoupled. These
tons-models are selected as the most plausible Eemian SMBs from

a wider range of simulations discussed in Plach-et-al~2048a)-Plach et al. (2018b); they show a negative total SMB during the
Eemian peak warming. While MAR-SEB is used-as-a-chosen as the control because it has been extensively validated against

two

observations in previous studies (Fettweis, 2007; Fettweis et al., 2013, 2017)and-, MAR-BESSI is used to test the sensitiv-
ity of eur-the ice sheet simulations to the SMB forcing (c.f., discussion in Sec. 4). MAR-SEB and MAR-BESSI employ a
different temporal model time step, while MAR-SEB uses steps of 180 seconds, MAR-BESSI calculates in daily time steps.
The longer time steps used by MAR-BESSI imply that extreme temperatures (e.g., lowest temperatures at night can lead
to more refreezing) are damped and this is likely the cause for a lower amount of refreezing in MAR-BESSI compared to
MAR-SEB. Furthermore, MAR-BESSL uses a simpler albedo representation than MAR-SEB: lower refreezing and simpler
steps in albedo changing from fresh snow to glacier ice are identified as the main reasons for more negative SMB as calculated

a snowpack explicitly solving for the impact of solar shortwave radiation (this is essential for the Eemian period which has a significantly d
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by MAR-BESSI. For a detailed discussion of the differences between the models the reader is referred to Plach et al. (2018b).
The two different SMB models are employed to test the sensitivity of the ice sheet simulations to the prescribed SMB forcing.

All SMB time slice simulations are calculated offline using the modern ice surface elevation, given the lack of data con-
straining the configuration of the Eemian GrlS surface —Fhe-change-elevation. The evolution of the SMB with the evolvingice
WM%WMS simulated with local SMB-altitude gradlents followmg Helsen et al. (2012, 2013). Fer

tons—The SMB gradient method

uses—a-default-seareh-is used to calculate SMB-altitude gradients at each grid point from the surrounding grid points within
a default radius of 150 km to-derive-a-(linear regression of SMB versus-attitude—H-the-tlower-threshold-of +06-points—is—not
reached;-thissearch-radius-is-extendedys, altitude). Since the SMB-altitude gradients ef-in the accumulation and the ablation

zone are very different, they are calculated separately. ForfurtherIf the algorithm is unable to find more than 100 grid points

of either accumulation or ablation) the radius is extended until a threshold of 100 data points for the regression is reached. For

simplicity, the local gradients are calculated from the respective pre-industrial SMB simulations. Further details on the SMB
gradient method we-refer-to-are discussed in Helsen et al. (2012).

atBetween the SMBs calculated

a linear

interpolation is applied, giving a transient SMB forcing over 15,000 years. A more complicated interpolation approach is
unnecessary given the smooth climate forcing and the uncertainties related to the Eemian climate and SMB simulations.

Plach et al. (2018b) give a detailed discussion of the simulated climate evolution and show, for example, a Eemian peak

. The SMBs in the present study (after being corrected for topography) are shown and discussed in Sec. 3. Afall-deseription

2.2 The Ice Sheet System Model (ISSM)

The ISSM is a finite-element, thermo-mechanical ice flow model which-is-based-on-based on the conservation laws of momen-
tum, mass, and energy (Larour et al., 2012) — we-use-here model version 4.13 is used (Cuzzone et al., 2018). ISSM employs an
anisotropic mesh, which is typically refined by observed surface ice velocities, allowing fast flowing ice (i.e., outlet glaciers)
to be modeled at higher resolution than slow flowing ice (i.e., interior of an ice sheet). Furthermore, ISSM offers inversion
methods to ensure that an initialized model ice sheet matches the observed (modern) ice sheet configuration (i.e., observed
ice surface velocities are inverted for basal friction or ice rheology; Morlighem et al., 2010; Larour et al., 2012). While ISSM

offers a large range of ice flow representations

the-experiments-, in this study ;-a-the computationally efficient 3D higher-order configuration (Cuzzone et al., 2018) is used.

This setup uses an interpolation based on higher-order polynomials between the vertical layers, instead of the default method

{a-linear-interpelation)-linear interpolation which requires a much higher number of vertical layers to capture the sharp tem-

warming of 4-5°C over Greenland, which is in agreement with proxy reconstructions (NEEM community members, 2013; Landais et al., 2(
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perature gradient at the base of an ice sheet. By using a quadratic interpolation, 5 vertical layers are sufficient to capture the
thermal structure accurately, while a linear vertical interpolation requires 25 layers to achieve a similar result. This reduetionin
lower number of vertical layers reduces the computational demand for the thermal model --as-weH-as-for-and the stress balance

calculations, and makes it possible to run 3D higher-order simulations for thousands of years;-e—g--here-we-perform-. The
simulations over 12,000 years in this study run between 3-4 weeks on a single node with 16 cores.

2.3 Experimental setup

All simulations (forced with MAR-SEB and MAR-BESSI) run from 127 to 115 ka —We—felew—following the Paleocli-
mate Modeling Intercomparison Project (PMIP4) (Otto-Bliesner et al., 2017) experimental design and initiate-initiating the

Eemian simulations at 127 ka with a modern GrIS. We-a

varying)-The thermal structure is derived using a thermal steady-state simulation with prescribed pre-industrial temperature
at the ice surface (from the regional climate simulations) and an enthalpy formulation (Aschwanden et al., 2012) at the base
to determine the basal conditions (cold or temperature ice). At the base of the ice sheet a prescribed geothermal heat flux

Shapiro and Ritzwoller, 2004) as provided by the SeaRISE dataset (Bindschadler et al., 2013) is imposed. The basal friction
coefficients are kept constant over time and are derived from an inversion of spatially varying, observed surface velocities, i.e.,

an inversion-algorithm chooses the basal friction coefficients in a way that the modeled velocities match the observed velocities.

In a first inversion, an initial ice viscosity is prescribed. After the thermal steady-state simulation, the ice viscosity is updated
as a function of the new thermal profile (Cuffey and Paterson, 2010). In a second inversion, the basal friction coefficients are
iterated to minimize three cost functions (Table 1). The inversion depends on the chosen ice flow approximation due to the

different representation of the stress balance, i.e., simulations with the 2D SSA and the 3D higher-order approximations use
different inversions.

We use the ISSM default friction law (Larour et al., 2012; Schlegel et al., 2013) based on the empirically derived friction
law by Paterson (1994, p. 151):

o = —a” Netr U (D

where 73 is the basal shear stress (vector), « the basal friction coefficient (derived by inversion from surface velocities),
Ncyy the effective pressure of the water at the glacier base (i.e., the difference between the overburden ice stress and the water
pressure), and v the horizontal basal velocity (vector). The effective pressure is simulated with a first order approximation
(Paterson, 1994):

Netr = g Pice H + pwater 2b 2
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where pice and pyaer are the densities of ice and water respectively, H the ice thickness, and z, the bedrock elevation;+e—

Nerevolves-with-H-over time-, From these equations it follows that the initial (modern) basal friction coefficients stay constant,
while the basal sheer stress evolves over time with the ice thickness and the effective pressure.

Due-to-the stitt refativety high-computational-demand-of the-Basal sensitivity experiments with changed basal friction are
mmwmw higher-
order ¢
throughout-atl-simulationsi—e-—the-experiments, a number of test experiments are performed with the simpler 2D SSA
configuration of ISSM to identify the range of basal friction coefficients which yield plausible results. For example. if the
basal friction coefficients for the entire ice sheet are reduced by a factor of 0.8 and 0.5 (in the 2D SSA test experiments;
not shown), the ice surface elevation at the NEEM location shows a late-Eemian lowering of 300 and 800 m, respectively.
Proxy data indicates a surface lowering of no more than 300 m (NEEM community members, 2013) at time. Constrained by
the proxy reconstructions the friction for the entire ice sheet is 4 i '

Wmlmmmmmmm
with MAR-SEB and MAR-BESSI, respectively) are discussed in detail here to illustrate the difference of the two ice flow
approximations (Table 2).

Due to the high computational demand of the 3D higher-order setup, compromises are necessary. The simulations are
initiated with the modern GrIS topography and the bedrock remains fixed at modern values (Glacial Isostatic AdjustmenttGA
H&ﬂﬁ&%mp}ememedé&lSSMbgvlév&gggm\plg@gmrneMor transient simulations —ke—%h&beéageeme&yhfemam%ﬁ*eek

with ISSM). The ice sheet is initialized with observed ice surface velocities from Rignetand-Meuginot{2042)—in-the

Rignot and Mouginot (v4Aug2014; 2012). The anisotropic

ice sheet mesh is refined with these velocities with a minimum resolution of 40 km in the slow interior to-and a maximum

resolution of 0.5 km at the fast outlet glaciers. Since the mesh is based on observed velocities, the resolution of the mesh

remains unchanged over time, and the ice sheet domain is fixed to the present-day ice sheet extent. The ice sheet can freel
evolve within this domain, but is unable to grow outside the present-day limits.
Ice formed during the 12,000 simulation years will only reach several hundred meters deep (far away from the bottom layers

which experience most deformation) and surface air temperature is not influencing the SMB (as it would in a degree day model; Reeh, 1989

because SMB is computed by either MAR-SEB or MAR-BESSI, models that account for temperature changes over the Eemian

as simulated by NorESM). Therefore the surface air temperature prescribed at the ice surface remains fixed at pre-industrial

levels.
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Table 1. ISSM model parameters

ISSM model parameters
minimum mesh resolution (adaptive) 40 km
maximum mesh resolution (adaptive) 0.5 km
number of horizontal mesh vertices 7383
number of vertical layers 5
ice flow approximation 3D higher-order (Blatter, 1995; Pattyn, 2003)
degree of finite elements (stress balance) P1x Pl
degree of finite elements (thermal) P1x P2
minimum time step (adaptive) 0.05 years
maximum time step (adaptive) 0.2 years
basal friction law Paterson (1994, p. 151); Eq. 1 and 2
basal friction coefficient inversion cost functions 101, 103, 501
ice rheology Cuffey and Paterson (2010, p. 75)

degree of finite elements: P1 - linear finite elements, P2 - quadratic finite elements, horizontal x vertical; inversion cost functions:
101 - absolute misfit of surface velocities, 103 - logarithmic misfit of surface velocities, 501 - absolute gradient of the basal drag

coefficients

The simplified transient ISSM model setup does not explicitly resolve processes related to basal hydrology, ocean forcin
and calving. The ice rheology is calculated as a function of temperature following Cuffey and Paterson (2010, p. 75). Initial

(modern) ice sheet surface, ice thickness, and bed topography are derived from BedMachine v3 (Merlighemetal;2017)-

N the vea on—v20 ATe O—A he a a A nte a the ceatherm he A am haniro-and-R oHe 004

v2017-09-20; Morlighem et al., 2017). The most
important parameters of the ice sheet model are summarized in Fab-Table 1. Finally, the shortcomings of this simplified setu

are discussed in Sec. 4.

c Land .
The-types-of-

2.4 Control and sensitivity experiments

The experiments performed are described below and summarized in Fab—Table 2. As discussed in Sec. 2.1-2.3, the experiments
test the sensitivity to two different SMB models as well as different representations of the basal friction: The control experiment
uses-MAR-SEB-SMB-applies SMB from MAR-SEB and unchanged (modern) basal friction; the SMB experiments—testing
experiment tests the simplified, but efficient SMB model, MAR-BESSI; the basal experiments testing-test spatially uniform

changes to the basal friction for the entire ice sheet; the outlets experiments testing-test the sensitivity to changes of basal
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friction locally at the outlet glaciers (slow down/speed up of outlet glaciers; high velocity regions {with >500 m/yr);+-e--the
outlet-glaeiers. For the whe}e—tee—shee{—seﬁ%ﬁ%y—tesf&basal and outlets experiments the basal friction coefficient is multiplied
by factors 0.9 and 1.1an

values-, Furthermore, the outlets experiments are repeated with more extreme factors of 0.5 and 2. Oafe—&pphed
In additional experiments, with the more efficient SSA version of the modelwe-exploere-, a larger range of basal friction for the

entire ice sheet is explored (doubling/halving of basal friction similar to Helsen et al., 2013). However, we-found-that-applying
factors of 0.5 and 2.0 for the entire ice sheet givesresults in unrealistic surface height changes at the deep ice core locations
(not shown). Therefore, these extreme changes of basal friction are only applied to the outlet glaciers in our 3D higher-order
experiments.

The altitude experiments test the sensitivity to the SMB-altitude feedback by neglecting this feedback; which means that the

ansient SMB forcing is prescribed without altitude changes affecting the SMB. Finally, we perform a relaxed experiments
experiment testing the sensitivity to a larger, relaxed initial ice sheet (with the same SMB and ice dynamics as the eontrot
experiment);e—~-we-start-with-arelaxed-control experiment). This relaxed experiment starts with a larger ice sheet which was
evolveds Mfor 10y qunder constant pre-industrial MAR—SEB—SMB%ﬂee—we—peffeﬁﬁedﬂm%t—e*pemem%

The difference arising from the different ice flow approximation are illustrated in the ice flow approximationexperiments.

3 Results

The importance of the SMB forcing is illustrated in Fig. 1 showing the evolution of the Greenland ice volume in the eentrel
control experiment (MAR-SEB; bold orange line) and the SMB-SMB sensitivity experiment (MAR-BESSI; bold purple line).
The corresponding sub-sets of experiments testing the basal friction (basal, outlets) are indicated in lighter colors. There is
a distinct difference between the model experiments forced with the two SMBs: Fereingforcing the ice sheet with MAR-
SEB SMB (bold orange line) gives a minimum ice volume of 2.73 x 10'® m? at 124.7 ka corresponding to a sea level rise of
0.5 m — the basal sensitivity experiments give a range of 0.3 to 0.7 m (thin orange lines). On the other hand, the experiments
forced with MAR-BESSI (bold purple line) give a minimum of 1.77 x 10%° m3 at 123.8 ka (2.9 m sea level rise) with a range
from 2.7 to 3.1 m (thin purple lines). The minimum ice volume and the corresponding sea level rise from all experiments are
summarized in Fab-Table 3.

The bas . 1; friction *0.9/*1.1
for the entire ice sheet{factors-0-9-and—-1) show the strongest influence on the ice volume compared to other-basal-friction

experimentstthin-solid-tines; Fig—H—Changing-the outlets experiments: changing the basal friction locally at the outlet glaciers
(outlets) by factors of 0.9 and 1.1 has very little effect on the integrated ice volume (not shown). However, a halving/doubling

basal experiments (thin solid lines; Fi

of the friction at the outlet glaciers also shows a notable effect on the ice volume (0.05 to 0.15 m at the ice minimum; thin
dashed lines; Fig. 1).
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Table 2. Overview of the perfermed-experiments

type of experiment  SMB foreingmethod basal friction ice flow approx.
control MAR-SEB modern 3D higher-order
SMB MAR-BESSI modern 3D higher-order
basal (reduced) MAR-SEB # 0.9 * modern (entire ice sheet) 3D higher-order
basal (reduced) MAR-BESSI 0.9 * modern (entire ice sheet) 3D higher-order
basal (enhanced) MAR-SEB # 1.1 * modern (entire ice sheet) 3D higher-order
basal (enhanced) MAR-BESSI 1.1 * modern (entire ice sheet) 3D higher-order
outlets (reduced) MAR-SEB 4 0.5 * modern (outlet glaciers 3D higher-order
outlets (reduced) MAR-BESST 0.5 * modern (outlet glaciers 3D higher-order
outlets (reduced) MAR-SEB 0.9 * modern (outlet glaciers 3D higher-order
outlets (reduced) MAR-BESSI 0.9 £6:5)* modern (regions>506-m/yroutlet glaciers) 3D higher-order
outlets (enhanced) MAR-SEB # 1.1 * modern (outlet glaciers 3D higher-order
outlets (enhanced) MAR-BESSI 1.1 ¢* modern (outlet glaciers) 3D higher-order
outlets (enhanced) MAR-SEB 2.0 * modern (outlet glaciers 3D higher-order
outlets (enhanced) MAR-BESST 2.0 »* modern (regions>500-mfyroutlet glaciers) 3D higher-order
altitude MAR-SEB ‘modern 3D higher-order
altitude MAR-BESSI modern 3D higher-order
relaxed MAR-SEB modern 3D higher-order
ice flow MAR-SEB 4 _modern 2D SSA

ice flow MAR-BESSI modern 2D SSA

The importance of the SMB-altitude feedback is illustrated in Fig. 2 which shows the evolution of the ice volume with
the two SMB forcings with-(beld-orange/purplelines(control, bold orange; SMB, bold purple) and without applying the SMB
gradient method (altitude, thin orange/purplelines). Neglecting the evolution of the SMB with the changing ice sheetsurface
elevation, i.e., using the offline calculated SMBs directly, results in significantly less melt. This is particularly pronounced in
the-MAR-BESSHexperiments-experiments forced with MAR-BESSI, because the ablation area in this SMB forcing is larger
and therefore alse-larger regions are affected frem-by melt-induced surface lowering. The differences between 3D higher-order
and 2D SSA are surprisingly small, particularly at the beginning of the simulations while the ice volume is decreasing (ice
flow, black and graylines). The differences between the ice flow approximations become larger as the ice sheet approaches—a
new-equilibrivm-statetowards-enters into a colder state, at the end of the simulations. Finally, in the relaxed experiment (dark
green) the evelut e . . e - . o
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Figure 1. Evolution of the ice volume for the een

-control (MAR-SEB, purple-colors—MAR-BESSE-—The-bold-orangeline-is-the
eontrol-experiment—Fhe-, boldpurple-is-) and the eorresponding-experiment-with-SMB (MAR-BESSIfereing, purple, bold) experiments in
comparison with the basal/outlets sensitivity experiments. The thin-solidJinesshow-the-++0%basal-basal (friction experiments—*0.9/1.1

for the entire ice sheet) and outlets sensitivity experiments (friction *0.5/%2.0 at the outlet glaciers) are indicated with thin solid and thin
dashed linesshew-the-experiments-with-deubling/halving-of-, respectively. Note that the eutletsfrietien—Ilower friction experiments give

lower volumes. The minimum of the respective experiments is indicated with circles. See Fab:Table 3 for the exact values.

experiment)-is-shown(darkgreentine)—The-volume decrease is more pronounced because the relaxed ice sheet is larger and

the SMB forcing is negative enough to melt the additional ice at the margins. However, at the end of the simulations the control

and the relaxed experiments become indistinguishable.
nge%#hewmthe SMB forcmg for the eontrol—control experiment (MAR SEB; fepﬂceww) and the

and-H5SMB experiment (MAR-BESSI; Fig. ka—TFhis-figure-3e-h) emphasizes the importance of the SMB-altitude feedbacks;
beeause-, While the offline calculated SMBs (1 e., modern and initial surface) are similarbetween130-and125ka(notshown);
, the surface lowering in combination with the SMB gradient

method cause the resulting SMB to become very negative in the southwest (for both MAR-SEB and MAR-BESSI) and in the

10
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teedbackcontrol (MAR-SEB, fhe—Fela*ed—tmﬁal—tee—shee@\rgggg bold) and the we—ﬂew—appre*maﬁewSM B experiments (3D-higher-order

BMAR-BESSI, purplecotors—MAR-BESSE-TFhe-bold

orange-tine—is-the-control-experiment—Fhe, boldpufp}eﬁ%%h&eeﬁespeﬁfhﬁge*peﬁmeﬁ%) ) in_comparison with MAR-BESSHfereingthe
altitude, relaxed, and ice flow sensitivity experiments. The hgh%ee}ereekhﬂes—afe—th&correspondmg experiments-without-the-altitude
(no SMB-altitude feedback- ing—) and ice flow (2D SSA)

sensitivity experiments eorresponding-to-the-bold-lines-are shown in beld-blacklighter colors and black/gray, respectively. The relazed
sensitivity experiment (relaxed larger initial ice sheet, but otherwise control forcing) is shown in dark green.

northeast (particularly for MAR-BESSI). Regions with extremely low SMB at 125 ka are ice-free at the time of the simulation
(ice margins are indicated with a black solid line).

The simulated ice sheet thickness in the eontrol-control experiment (Fig. 4;teprewa-d; MAR-SEB) shows only moderate
changes. However, there is significant melt in the southwest at 125 ka (actoal-minimum—at124-7ka;—see-Fig. H—Usingthe
same-setap; but-with- MAR-BESSHAb). The SMB sensitivity experiment (Fig. 4-bottomrow)-e-h; MAR-BESSI) on the other
hand gives a very different evolution of the ice thickness: The-ice-sheetretreatissignificantly-enhanced-at-At 125 ka (actual

mintmum-at123-8the SMB experiment (Fig. karnet-shown)—inpartieutarfor-4f) shows an enhanced retreat in the southwest,
as-wel-as-but particularly strong in the northeast. The-ice-sheet-also-Furthermore, the ice sheet takes longer to recover in the

11
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Figure 3. SMB forcing corrected for attitade surface elevation changes at 127, 125, 120, 115 ka for the control (a-d, MAR-SEB) and the SMB
e-h, MAR-BESSI) experiments. The ice margin is indicated with a solid black line (i-e=-10 m ice thickness remaining). H-the-A nonvisible
ice margin is net-visible-itis-identical with the domain margin. For a consistent comparison, the ice thickness is shown at 125 ka instead of

the individual minimum (control at 124.7 ka fer-MAR-SEB-and SMB at 123.8 kaferthe MAR-BESSY).

SMB experiment, giving a significantly-smaller ice sheet at 120 ka ;-parthy-as-a-consequence-of(Fig. 4g), mainly due to the
large ice loss in the northeast.

The experiments-with- MAR-SEB foreing-forced experiments give only small changes (+200 m) in ice surface elevation at
the deep ice core locations — Camp Century, NEEM, NGRIP, GRIP, Dye-3, EGRIP (Fig. 5). At most locations the surface
elevation increases due to a positive SMB¢, which is not in equilibrium with the initial ice sheet)~Only-, The relaxed experiment
dark green), which is in equilibrium with the initial climate, shows damped elevation changes. Notably, Dye-3 shows-an-initial

lowering—J-argerchanges-are-seen—in-the MAR-BESST-experiments(Fig. 5c) shows the strongest initial lowering due to its

southern location affected by the early Eemian warming. The MAR-BESSI-forced experiments show much larger changes
in surface elevation, particularly at Dye-3 and-NGRIP-(Fig. 5¢) and NGRIP (Fig. 5b) with a maximum lowering of around

600 m, and EGRIPat EGRIP (Fig. 5f), where the the largest lowering is around 1500 m. In contrast to the ice volume evolution,
where differences between the control and the ice flow experiment are small (Fig. 2), there is a larger difference in simulated
iee-surface-ice surface elevation changes between the ice flow approximations. The 2D SSA experiments (Fig. 5, black and
greysolidines) show ice surface changes up to several-hundred-meters-200 m different from the 3D higher-order experiments -

12
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Figure 4. Ice thickness at 127, 125, 120, 115 ka for the control (a-d, MAR-SEB) and the SMB (e-h, MAR-BESSI) experiments. The ice
margin is indicated with a solid yellow line (i-e5-10 m ice thickness remaining). H-the-A nonvisible ice margin is not-visible-itis-identical
with the domain margin. For a consistent comparison, the ice thickness is shown at 125 ka instead of the individual minimum (control at

124.7 ka for-MAR-SEB-and SMB at 123.8 kafor-the MAR-BESSH).

%&ffaeee}ev&ﬁeﬂ—ehaﬁgeégfay—shadmg(ﬁ 5, bold orange and purple).

The impact of

tor-all sensitivity experiments on the ice volume mini-
mum is shewn-summarized in Fig. 6. The choice of SMB model (black-barSMB, black) shows the strongest influence with a

difference in sea level rise of ~2.5 m difference-between-the-control-between the control experiment (with MAR-SEB) and the
corresponding MAR-BESSHexperiment—The-SMB experiment (with MAR-BESSI). Furthermore, the SMB-altitude feedback
is particularly important for the MAR-BESSI forced altitude experiment, due to the large regions affected by melt-induced sur-

face lowering. The seﬂsmvﬁlybexpeﬂmeﬂts—w&ﬂ%eh&ﬂged—basal—fﬂeﬁeﬁbasal and outlets sensitivity experiments show a limited
effect on the simulated minim

ice volume minimum,

Finally, using a relaxed-ice-sheetin-the-control-experiments-larger, relaxed initial ice sheet (relaxed) results in a ~0.3 m larger
sea level rise. A eomprehensive-complete summary of the simutated-respective ice volume minima is given in Fab;Table 3.
There are surprisingly small differences between the simulated ice thickness minimum of the eentrol-experiment{with

3D-higher-order;-control experiment (Fig. 7+1efta; MAR-SEB and 3D higher-order) and the corresponding experiment-using

13
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Figure 5. Ice surface evolution at Greenland ice core locations for the control, SMB, basal, outlets, ice flow, and relaxed experiments —
Camp Century, NEEM, NGRIP, GRIP, and Dye-3 are shown on the same scale; EGRIP is shown on a different scale. Same color-coding
as in Fig. 1;additionally-inclading 2D i i rretion

elevation reconstructions from total gas content at NEEM are indicated with gray shading. Note that the 2D experiments are plotted in the

background and therefore hardly visible in some cases, particularly at NEEM.

2D-SSA-ice flow experiment (Fig. 7:+ightb; MAR-SEB and 2D SSA). Only minor differences ean-be-found-are visible on the
east coast, where the 2D SSA experiment shows a stronger thickening than in-the 3D higher-order eontrol-experiment. The
complex topography in this region might explain the problem in the 2D experiment. These small differences between the ice

flow approximations emphasize the controlling role of the SMB forcing and the SMB-altitude feedback. However, ice flow

induced thinning (e.g., due to increased basal sliding) could initiate or enhance the SMB-altitude feedback.

e-Reducing the friction at the
base of the entire ice sheet by a factor of 0.9 (basal*0.9, Fig. 8;middleb) results in a thinning on the order of 100 m in large

parts of the ice sheet —taterestinglyin-the nertheast-this-effeetisinverted+eaGreenland-wide toweringo Shensk

14



Table 3. Summary of the simulated ice sheet minima for all experiments

experimental setup SLR ASLR Minimum
[m] [m] GrIS
rel. to at resp. volume
initial minimaminimum_ (10"°m?)
control MAR-SEB 0.51 0.00 2.73
basal*0.9 MAR-SEB 0.73 +0.22 2.64
basal*1.1 MAR-SEB 0.33 -0.17 2.80
outlets*0:9-(:0.5 yMAR-SEB 0:5340.61 »- +0:02-+0.10y 2:72-2.69 -
outlets*1.1 {MAR-SEB 0.48 -0.02° 2.74
outlets*2.0 yMAR-SEB 0:480.36 > -0:02-¢-0.15) 2742.79 >
altitude MAR-SEB 0.18 -0.32 2.86
relaxed MAR-SEB 0.79 +0.28 2.82
ice flow (2D) MAR-SEB 0.43 -0.07 2.76
SMB MAR-BESSI 2.90 0.00 1.77
basal*0.9 MAR-BESSI 3.10 +0.20 1.69
basal*1.1 MAR-BESSI 2.72 -0.18 1.84
outlets*0:9-¢:0.5 yMAR-BESSI  2:96+2.95 - +0:00-+0.05) +771.75 %
outlets*1.1 {MAR-BESST 2.87 -0.03 1.78
outlets*2.0 yMAR-BESSI 2:8742.80 > -0:03-0.10y +78+1.81 >
altitude MAR-BESSI 1.20 -1.70 245
ice flow (2D) MAR-BESSI 2.85 -0.05 1.79

For the outlets sensitivity experiments, the basal friction in regions with > 500 m/yr is changed. Sea level rise

(SLR) values are relative to the initial ice sheet at 127 ka, i.e., the modern ice sheet for all experiments except the

relaxed initial ice sheet experiment. The lost ice volume is equally spread over the modern ocean area. ASLR

refers to anomalies relative to the respective SMB forcing experiments with unchanged friction.

southwest-butless-pronounced—lowering-margins and the topographically constrained outlet glaciers, particularly visible in

the northeast. Furthermore, reducing the basal friction only at the outlet glaciers by a factor of 0.5 (outlets*0.5 Fig. 8;+ight)c),
leads to a local thinning around the outlet glaciers of several hundred meters. Note that the thinning also affects ice thickness

upstream from the outlet region.
The ice velocities in the basal-sensitivity-basal*0.9 experiments indicate that a Greenland-wide reduction of basal friction
by a factor of 0.9 leads to a speed up of the outlet glaciers by up to several 100 m/year (Fig. 9;-middle)—Redueing-b) relative

to the control experiment. Furthermore, reducing the friction at the outlet glaciers by a factor of 0.5 has-atarge;butlocal-effeet
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Figure 6. Differences in-sealevel-estimates—given-between the minimum Eemian ice sheet simulated by the respective sensitivity experi-
ments—: SMB (black)refers-to-the: difference between the two-SMB-fereings<tinel—control and the SMB-altitudefeedbackSMB experiment

(MAR-SEB and MAR-BESSI, respectively). besattoutlets refers-to-sensitivity-basal; experiments with ehanges-changed friction for the en-
tire ice sheetroutlets. altititce shows-outlets: experiments with changed friction at the outlet glaciers, altitude: experiments without the SMB-
altitude feedback. relaxeduses-: experiment with a retaxedlarger, relaxed initial ice sheet-and-, ice flowshows-: experiments with 2D SSA
instead of the differenee-between-default 3D higher-order and2B-SSA-ice flow approximation. The results-of-thesensitivity-experiments

are-different SMB forcing is shown in orange (MAR-SEB) and purple (MAR-BESSI). basal/outlets experiments show positive and negative
values because they are performed with enhanced and reduced friction. The exact values are given in Fab-Table 3.

onrthe-fee veloeity (outlets*0.5) results in a local speed-up of several 100 m/yr (Fig. 9;right)-Beoth thisteeatc). Although the
outlets*0.5 experiment also shows a speed-up as-welh-as-the-loeal-thinning-in-the-0-5-*lower-outlet friction-experimentfurther
upstream (in the order of several m/yr), in combination with the local ice thinning (Fig. 8;rightyshow-that-the-outlet friction
have-alimited-effecton regionsfurther upstreamc), the effects of halving the friction at the outlet glaciers shows a minimal
effect on the total ice volume (see also in Fig, 1).

4 Discussion

Changing the SMB forcing — between a full surface energy balance model (MAR-SEB) and an intermediate complexity SMB

model (MAR-BESSI) — gives the biggest-difference-in-the-simulated-largest difference in our simplified simulations of the
Eemian ice sheet evolution (Fig. 6). Compromises such as the lack of ocean forcing and GIA, and limited changes of basal

friction are necessary to keep 3D higher-order simulations feasible on a millennial-scale and are discussed in this section.
MAR-SEB and MAR-BESSI are two Eemian-SMBs-from-a-wide-estimates of Eemian SMBs selected from a wider range

of simulations analyzed in Pl
condition—for—the-SMB—medels—Alavailable NerESM-Plach et al. (2018b). The same Eemian global climate simulations
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Figure 7. Ice thickness anomalies simulated with the eentrol-control (a; 3D higher-orderleft) and tee-flow-the ice flow (b; 2D SSAfright)
experiments at the respective Eemian-ice minimum. Retative-Anomalies are relative to the initialh27 ka-iee-sheet(i-e-, modern ice sheety. The
respective minimum time of-the-individual-experiments-is indicated on the top of each panel. The ice margin is indicated with a solid black

beld-line (i-e-10 m ice thickness remaining). If the ice margin is not visible it is identical with the domain margin.

covering-the-Eemtan-period-are-from the NorESM, downscaled over Greenland using-with the regional climate model MAR-

Here-wenegleet-the-, are used as forcing for the SMB models. Since only one global climate model is used in this study, uncer-
tainties relating to the global-climate-foreingIncludingsuch-uneertainties- Eemian climate cannot be evaluated here. Testing the
impact of different global climate simulations is beyond the scope of this study. Instead the reader is referred to the discussion
in Plach-et-al(2048a)Plach et al. (2018b).

Our eentrotcontrol experiment with the 3D higher-order ice flow ;-model with modern, unchanged basal friction coefficients,
and forced with MAR-SEB shows-ittte-meltingt(SMB shows minor melting (equivalent to 0.5 m sea level rise), while the SMB

sensitivity experiment with MAR-BESSI eauses-a-targe-ice-sheetreduetion-SMB causes a much larger ice sheet retreat (2.9 m
sea level rise). The basal sensitivity experiments (basal/outlets) give a range of approx. equivalent +0.2 m sea level rise for both

SMB models;-where-; with the Greenland-wide friction change shows-(basal) showing the largest influence on the minimum

ice volume. PeereasingReducing/inereasing-enhancing the friction at the outlet glaciers (outlets) by a factor of 0.9/1.1 shows
mainly local thinning/thickening at the outlets (Fig. 8c) with limited effeets-effect on the total ice volume (Fig. 1, Table 3).

However, doubling /halvirg-the friction at the outlet glaciers leads-to-an-iee-volumechangeequivalentto-0-05-0-15reduces the
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Figure 8. Minimum ice thickness of the eentrot-control experiment (lefta)and-, the basal*0basal*0.9 feutlets*6:5-(b; reduced friction

experiments-of the entire ice sheet), and the outlets*(.5 (middie/rightc; reduced friction at outlet glaciers) experiments at the-time-of-the
their respective ice sheet minimum (time indicated on top of panels). basat*6:.9-and-outlets 0-5-Anomalies are shown-as-anomaly-relative
to the eentrel-control experiment. The ice margin is indicated with a solid yellow/black betd-line (10 m ice thickness remaining). If the ice

margin is not visible it is identical with the domain margin. The outlet regions are indicated with bright green contours (c).
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Figure 9. Ice velocity of the minimum ice sheet in the eentret-control experiment (lefta) and the basat*6basal*0.9 foutets*6:5-(b; reduced

friction experiments-of the entire ice sheet), and the outlets*0.5 (middte/rightc; reduced friction at outlet glaciers) experiments at the-time-of
the-their respective ice sheet minimum (time indicated on top of panels). basal:0.9-and-outlets®6:5-Anomalies are shown-as-anomatyrelative

to the eentrot-control experiment. The ice margin is indicated with a solid yellow/black beld-line (-e=-10 m ice thickness remaining). If the

ice margin is not visible it is identical with the domain margin. The outlet regions are indicated with bright green contours (c).

sea level rise contribution by 0.15 and 0.10 m-seatevel-m for MAR-SEB and MAR-BESSI SMB forcing respectively (relative
to the control experiment; Table 3).

18



10

15

20

25

30

35

The basal friction sensitivity experiments (basal/outlets) are non-exhaustive and further experiments could be envisioned:

including alower velocity threshold to define the outlet glaciers, continuous identification of outlet regions, combining basal*0.9
and outlets*0.5 experiments, to name a few. In such experiments the impact on the ice sheet evolution might be larger than in
the experiments discussed. Regardless of the specific formulation of the anomalous basal friction, the sensitivity experiments
shown here represent a substantial change in basal properties and there illustrate the magnitude of the uncertainties related to
the basal conditions implying that caution is required when deriving the basal friction. Finding appropriate basal conditions of
past ice sheets in challenging. We show that after applying a large range of friction it is unlikely that friction at the base has a

stronger influence than changing the SMB forcing unless explicit dynamic sub-glacial hydrology linked to SMB is included.
The importance of coupling the climate (SMB) and the ice sheet has been demonstrated in previous studies, e.g., recently

for regional climate models in a projected future climate assessment by Le-elee*h-etalk204+7)Le clec’h et al. (2019). However,
running a high resolution regional climate model over several thousand years is not-poessible-at-present-presently unfeasible

due to the exceedingly high computational cost. This is even more true when the goal is to run an ensemble of long sensitivity

simulations as presented here. Although ¢

de-aceountfor-the presented simulations are lacking the ice-climate coupling, the SMB-altitude feedback is accounted for by
applying the SMB gradient method. The SMB becomes-significantly toweris significantly lowered as the ice surface is lowered:
neglecting the SMB-altitude feedback gives less than half the volume reduction (MAR-SEB: 0.2 vs. 0.5 m; MAR-BESSI: 1.2
vs. 2.9 m; Fig. 2 and 6).

Towards the end of the simulations, all model experiments develop a new equilibritm-ice-sheetice sheet state which is larger
than the initial state (Fig. 1 and 2). This relaxation-development towards a larger ice sheet is likely due-torelated to a relaxation
of the initial pre-industrial ice sheet configuration not being in equilibrium with the initial SMB forcing. A simulation over

10-kyrsimulation-,000 years with constant pre-industrial SMB gives an ~10 % larger “relaxed-"relaxed modern ice sheetwhich

~. The relaxed sensitivity experiments with this “relaxed-"relaxed initial ice sheet
(~0.5 m larger initial state) result in a ~0.3 m larger sea level rise (at the minimum) compared to the eontrel-experiment—We
don’t-expeet-control experiment. Although the 127 ka GrlS is not expected to be in equilibrium with pre-industrial forcing-
Hewever-the-"relaxed™, the relaxed experiment demonstrates the impact of a larger initial ice sheet on our estimates of the
contribution of Greenland to the Eemian sea level high-stand. Furthermore, the relaxed experiment illustrates the strong, but

slow impact of the SMB forcing, even when starting with a different initial ice sheet, the final size is similar to the control

experiment, because late-Eemian SMB results in a strong steady-state of the ice sheet.
Furthermore, the simplified initialization implies that the thermal structure of the simulated ice sheet is lacking the history

of a full glacial-interglacial cycle, i.e., the ice rheology of our ice sheet is different to an ice sheet which is spun-up through
a glacial cycle. Helsen et al. (2013) demonstrate the importance of the ice rheology for the pre-Eemian ice sheet size. They
find differences of up to 20% in initial ice volume after a spin-up forced with different glacial temperatures (in simulations
roach a biased thermal

structure is partly compensated by basal friction optimized so that the simulated surface velocities represent the observed
modern velocities. A viable way to test the influence of the thermal structure on the ice rheology would be to perform additional

with basal conditions not based on assimilation of surface velocities as it is the case here). In our a
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sensitivity experiments. However, such rheology experiments can only be performed in the 3D higher-order setup (the 2D SSA

setup neglects vertical shear) and the computational resources to run additional 3D experiments are limited.

‘Fhe-results-of-the-Starting the simulations with a smaller ice sheet would influence the simulated maximum sea level
contribution. A smaller ice sheet, in combination with the SMB-altitude feedback, would result in a more negative SMB at
the lower surface regions. This could potentially lead to smaller differences between the MAR-SEB and MAR-BESSI results
because large regions in the MAR-BESSI forced simulations melt away completely, and a more negative SMB would show.
limited effect in such regions. However, the MAR-SEB forced simulations are more likely to be affected by the lower initial
ice elevation. Note that, neglecting GIA could counteract the effect of a lower initial ice sheet as well as a negative SMB, as
the isostatic rebound of the regions effected by melt would partly compensate for the height loss.

The ice flow experiments (2D SSA) show very similar results to the corresponding experiments with 3D higher-order and

2b-SSA-experimentsare-simitar(control and SMB experiments), in particular for the simulated minimum ice volume. However,
the difference-differences in ice volume becomes-become larger towards the end of the simulations under colder climate

conditions (less negative SMBfereing). Furthermore, the ice surface evolution at the deep ice core locations differs-substantiatly
for-the-twe-show a similar behavior with both ice flow approximations=

: differences are less than ~150 m (at most locations). The strong similarities between 3D higher-order and 2D SSA —
also noted by Larour et al. (2012) using ISSM for centennial simulations — are likely related to the inversion of the friction
coefficients from observed velocities. The dynamical deficiencies of the 2D SSA ice flow are partly compensated by the
inversion algorithm: this algorithm chooses basal conditions such that the model simulates surface velocities as close to the
observations as possible. The relatively small difference between the 3D higher-order and 2D SSA experiments indicates that
the SMB forcing is more important in our simulations than the ice dynamics.

Basal hydrology is neglected in eur-the simulations because it is not well understood and therefore difficult to implement in
a robust way. Furthermore, an implementation of basal-hydrelogy-a basal hydrology model would increase the computational
demand of our-the simulations and make them unfeasible on the millennial time scales we are investigating. We-recognize
However, it is recognized that basal hydrology might have been important for the recent observed acceleration of Green-
land outlet glaciers (e.g., Aschwanden et al., 2016). Therefore, the impact of changing basal hydrelogy-at-the-outletglaciers
conditions is tested by varying the friction at the bed of the outlet glaciers. Although we-are-notstmutating-basal-hydrology
exphieitly-we-ean-assess-basal hydrology is not explicitly simulated, its possible consequences —in form of a slow down, or

speed up of the outlet glaciers can be assessed (see Sec. 3).
Furthermore, we-the simplified setup chosen to neglect ocean forcing and processes inehuding-such as grounding line migra-

tion due to their complexityand-beeatse-. The focus of this study is on the minimum Eemian ice sheet istikely-to-have-which
has likely been land based. Note;-however;-that-However, these processes are thought to be important for the recent observed
changes at Greenland’s outlet glaciers (Straneo and Heimbach, 2013). In a recent study, Tabone et al. (2018) investigate the

influence of ocean forcing on the Eemian GrIS. Their sensitivity experiments indicate that the Eemian minimum is governed by

the atmospheric forcing, due to the-tack-ofcontactbetween-the-ice-margin-and-the-oeeana lack of ice-ocean contact. However,
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theirestimatedrelative Eemian-sealevelrise-the resulting estimate of the Eemian GrIS sea-level contribution is dependent on

the ocean forcing, as it influences their-the pre-Eemian ice sheet size.

s-The simulations are initiated at 127 ka

are-initiated-with the observed modern geometry of the Greenland ice sheet (following the PMIP4 protocol; Otto-Bliesner

et al., 2017). This choice is based on the fact that the present-day ice sheet is relatively well known whereas the pre-Eemian
ice sheet size is highly uncertain. Since the global sea level went from a glacial low stand to an interglacial high stand, durin
the course of the Eemian interglacial period, it is a fair assumption that the Eemian GrIS, at some point during this period

resembled the present-day ice sheet. In this study, this point is chosen to be at 127 ka. One advantage of this procedure, is that is
it allows for a basal friction configuration based on inverted observed modern surface velocities. A spin-up over a glacial cycle

>without adapting basal friction ;-would be unrealistic. Furthermore, a spin-up would require ice sheet boundary migration, i.e.,

implementation of calving, grounding line migration, and a larger ice domain. This would be challenging as the reselution-of
the- 1SSM-mesh-mesh resolution is based on observed surface velocities —Furthermeore;-a-time-adaptive-and the domain therefore
limited to the present-day ice extent. Additionally, a time-adaptive mesh, to allow for the migration of the high resolution mesh
with the evolving ice streams, would be adventureus-but-challenging-to-implement—Furthermorenecessary. Unfortunately, a

realistic spin-up with all these additions is presently unfeasible due to the high computational cost of the model. Moreover,
the lack of a robust estimate of the pre-Eemian GrlS size and the uneertainties-in-elimate-climate uncertainties over the last

glacial cycle would introduce ever-many more uncertainties to the initial ice sheet—wh:ehﬂfeﬁ%ﬁdeﬂae%eep&ef—%hiﬁmdy

GrlS sea level contribution of ~0.5 m y-in the control experiment is low compared to previous Eemian model studies (Fig. 10).

Proxy studies based on marine sediment cores
(Colyille et al., 2011) and ice cores (NEEM community members, 2013), respectively, provide an sea level rise estimate of 2 m
from the Eemian Greenland ice sheet, while assuming no contribution from the Northern part of the ice sheet, where no proxy.
constraints are available. However, scenarios with larger contributions from the North could be possible as in the MAR-BESSI

y-show-a-significantly targercontributionto—seatevel(forced experiments. Although the SMB sensitivity experiment forced
with SMB from MAR-BESSI shows a larger contribution of ~3.0 m );-which is closer to previous estimates—model estimates

nogel LSumates,
this does not necessarily mean that the MAR-BESSI SMB is more realistic. These results could indicate systematic biases in
the experimental setup, causing a general underestimation of the Eemian sea level contribution.

Both SMB models are forced with a regionally downscaled climate based on experiments-simulations with the global climate
present study can be seen as a sensitivity study to SMB forcing for millennial-scale ice sheet simulations. While the simplified
Wmthe importance of befhﬂﬂﬂee&fafeﬂg%eb&kehma{&ﬁmtdaﬂeﬂﬁméﬁﬁe&h%&%

todthe accurate SMB forcing in
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Figure 10. Simulated sea level rise contributions from this study and previous Eemian studies. For this study the results of the control
(MAR-SEB; lower bound) and the SMB experiments (MAR-BESSI; upper bound) are shown (the ranges show the results of the respective
basal/outlets fraction sensitivity experiments). Previous studies are color-coded according to the type of climate forcing used. More likely
estimates are indicated with darker colors if provided in the respective studies. A common sea level rise conversion (distributing the meltwater
volume equally on Earth’s ocean area) is applied to Greve (2005), Robinson et al. (2011), Born and Nisancioglu (2012), Quiquet et al. (2013),
Helsen et al. (2013), and Calov et al. (2015).

eneral, independent on how well the presented SMBs describe the Eemian SMB. Furthermore, it is important to keep in mind
that an accurate SMB forcing not only depends on the choice of SMB model, but also the climate simulations used as input.

5 Conclusions

This study emphasizes the impertanee-of-higher importance of an accurate surface mass balance (SMB) forcing over detailed
5 iee-sheetphysies-when-simulating-the-pastevolution-a more complex ice flow approximation for the simulation of the Eemian
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Greenland ice sheet. Our-experiments-Experiments with two SMBs — a full surface energy balance model and an intermediate
complexity SMB model — result in different Eemian sea level contributions (~0.5 to 3.0 m) when forced with the same detailed
regional climate over Greenland. Fuarthermere,—~we-show-However, the comparison of experiments with 3D higher-order and
2D SSA ice flow, give only small changes in ice volume (<0.2 m). Furthermore, the importance of the SMB-altitude feedback
is shown; neglecting this feedback reduces the simulated sea level contribution by more than 50%. Mereeveroursimutations-A
non-exhaustive set of basal friction sensitivity experiments, affecting the entire ice sheet and outlet glacier regions respectively,

indicate a limited influence ef-the-on the total ice volume (maximum difference of ~0.2 m compared to experiments without

changes to friction). While basal sensitivity experiments with larger impacts could be envisioned, it is unlikely that such

experiments would exceed the magnitude of uncertainty related to SMB (at least not in this simplified setup). While it is
challenging and arguably unfeasible at present to perform an exhaustive set of sensitivity experiments with 3D higher-order ice
flow models, cost-efficient hybrid models (SIA + SSA) could be an option to further investigate the ice flow-approximation-on
the simulated-minimum-ice-volsme-For dynamical processes (such as ocean forcing or basal hydrology) neglected here.

In conclusion, simulations of the long-term response of the Greenland ice sheet to warmer climates, such as the Eemian

interglacial period, efferts-should focus on #m

estimate. Moreover, it is important to note that uncertainties in SMB are not only a result of the choice of SMB model, but also
the climate simulations used as input. The climate simulation uncertainties are neglected in this study. However, they should be

included in future Eemian ice sheet model studies in an effort to provide reliable estimates of the Eemian sea level contribution
from the Greenland ice sheet.

6 Code availability

The ISSM code can be freely downloaded from http://issm.jpl.nasa.gov (last accessed: 18.10.2018). Model scripts and other
datasets can be obtained upon request from the corresponding author. The NorESM model code can be obtained upon request.
Instructions on how to obtain a copy are given at: https://wiki.met.no/noresm/gitbestpractice (last accessed: 18.10.2018). BESSI
is under active development. For more information contact Andreas Born (andreas.born@uib.no). The MAR code is available

at: http://mar.cnrs.fr (last accessed: 18.10.2018).

7 Data availability

The ISSM simulations and the MAR-SEB and MAR-BESSI SMBs are available upon request from the corresponding author.
The SeaRISE dataset used is freely available at: http://websrv.cs.umt.edu/isis/images/e/e9/Greenland_Skm_dev1.2.nc. (last
accessed: 18.10.2018)
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