Response to reviewer #3

General Comments:

The manuscript is improved over the previous version. The limitations of the
albedo scheme and model simulations have been made clear. The study
highlights many of the challenges involved and improvements that can be made
in modeling ice sheet mass balance in a GCM. It indicates the importance of
capturing both albedo and refreezing accurately for simulations of both SMB
and total ice sheet mass balance.

I think the authors should try to make clear the importance of including
schemes that are not currently included in the GCM, such as a representation of
bare ice albedo and a refreezing scheme, the importance of accurately
capturing the spatial distribution of SMB for input to an ISM, and the
importance of capturing ice flow and ice conditions properly in the ISM. These
are important results of the study that the modeling community should be
aware of, and more important than the finding that one particular
configuration of the albedo scheme works best with the current state of the
model, when used to force an ISM simulation. In fact the “best” albedo
configuration improves simulation with the ISM, but doesn’t improve SMB as
compared to RACMOZ2. Additional minor modifications to the text to further
emphasize these points would improve the manuscript.

We thank the reviewer for his suggestions, and we agree fully with his opinion on
this point. We have added and emphasized the above-mentioned points on different
places in the manuscript:

Abstract (p. 1, 1. 6-9):

By allowing ice sheet albedo to vary as a function of wet and dry conditions, the spatial
distribution of albedo and melt rate improves. Nevertheless, the spatial distribution of
SMB in EC-Earth is not significantly improved. As a reason for this, we identify
omissions in the current snow albedo scheme, such as separate treatment of snow and
ice and the effect of refreezing.

Introduction (p.3, 1. 22-24):

Our experiments also identify which modifications are necessary for further
improvements of ice sheet mass balance within GCMs. Such improvements regarding
the description of ice sheets in GCMs is vital for a better understanding of changes in
ice sheets in the past, present and future.

Ice sheet simulations (p.12, 1. 4-6):

The ISM run forced by the RACMOZ climatology results in an ice volume and area most
comparable to the present-day state (Howat et al., 2014), in spite of the fact that
several EC-Earth schemes result in lower ice-sheet integrated SMB (Table 2). This



points out that the spatial distribution of SMB is important to the evolution of the ice
sheet, rather than the overall numbers.

Discussion (p. 13, 1. 34-35):

Moreover, accurately describing the effect of refreezing will improve the spatial
distribution of SMB, which is of large importance for interactive climate - ice sheet
model simulations.

Conclusion (p. 14, 1. 25-31):

However, based on the different results obtained with a climate forcing from a RCM,
our results emphasize the importance of capturing the spatial distribution of the SMB,
rather than the ice-sheet integrated number. We note that the physics of the albedo
scheme can still be greatly improved with the inclusion of a multi-layer snow model
component in the land surface component of EC-Earth, to better account for refreezing
of percolating meltwater in snow, and to distinguish between bare ice and snow.
Hence, further improvements of the snow scheme are crucial for the development of
earth system models including an interactive ice sheet component.

Specific Comments:

1.Title: Perhaps “surface mass balance” could be changed to “mass balance”,
since the authors do explore the link between albedo and overall ice
volume through the ISM simulations.

Done, new title:
On the importance of the albedo parameterization for the mass balance of the
Greenland ice sheet in EC-Earth

2.P. 1, Lines 5-9: The abstract still doesn’t mention any specific results of the
study, for example, what impact changing the albedo scheme has on
SMB, runoff, etc., the impact on overall ice volume when coupled with
the ISM simulations, limitations of the albedo scheme, and potential
improvements that can be made (for instance including refreezing) for
more realistic GCM simulations.

Done, the following lines are added to the abstract:

Abstract (p. 1, 1. 6-9):

By allowing ice sheet albedo to vary as a function of wet and dry conditions, the spatial
distribution of albedo and melt rate improves. Nevertheless, the spatial distribution of
SMB in EC-Earth is not significantly improved. As a reason for this, we identify
omissions in the current snow albedo scheme, such as separate treatment of snow and
ice and the effect of refreezing.

3.P. 3, Line 16: Perhaps the authors could also mention here that another
outcome of the work is the identification of modifications to the model
that will likely improve future simulation of ice sheet mass balance in



the GCM.
We agree on this. We added the following to the introduction:
Introduction (p.3, 1. 22-24):
Our experiments also identify which modifications are necessary for further
improvements of ice sheet mass balance within GCMs. Such improvements regarding
the description of ice sheets in GCMs is vital for a better understanding of changes in
ice sheets in the past, present and future.

4.P. 4, Line 4: Clarify how the model was evaluated, e.g. “its performance was
good in comparison with observational datasets”.

Done, we added the following (p. 4, 1. 11-13):

EC-Earth (version 2.3) participated in CMIP5 (Taylor et al, 2012). The model was

evaluated against observations, reanalysis data and other coupled atmosphere-ocean-

sea ice models, and its performance was good, in terms of the mean state, spatial

patterns, seasonal cycle and variability of present-day climate (Hazeleger et al., 2010,

2012).

5.P. 4, Line 6: Add “(T255)” after “truncated at wave number 255”.
Done

6.P. 4, Line 31: Change “but each group” to “but each of the groups mentioned
above” for clarity.
Done

7.P. 5, Lines 5-6: The discussion of this equation is still a bit confusing.

2 h 1 )” to
“When the snowfall rate (F) exceeds 10kgm “h’ 1. snow albedo is
fixed at A continuous reset for smaller rates of snowfall is

Perhaps change “A continuous...snowfall flux (F=1 kg m"
2

max-
implemented to reduce the importance of small amounts of snowfall on
surface albedo.”

Done

8.P. 6, Line 14: To make it clear that the value o max

single simulation, make it clear that a set of experiments is performed,
e.g. “A set of simulations is performed in which the value of a is

doesn’t vary within a

max
varied...”
Done.

9.P. 7, Line 31: Why use the period 1960-1989 for RACMO2, when the GCM
simulation uses SSTs for the period 1990-2012?

This is perhaps not the best choice, in hindsight. We used this part of the RACMO?2

dataset since we assume that the GrlS is in equilibrium with the climate forcing in

this period.



10.

Done

11.

Done

12.

Done

13.

P. 7, Line 31 or 32: I think the mention of the RACMO2 albedo scheme,
mentioned later in the paragraph, should be added here before
discussing the figures.

P. 8, Line 8: “albedo can occasionally drop” refers to temporal
variability, but average values are being discussed here. Perhaps revise
to read “The positive bias... indicates that in some locations,
summertime albedo can drop to values lower than 0.5 (the minimum
snow albedo used in this study).”

P.11, Line 18: “linear regression” is probably more appropriate than
“correlation” in this case.

P. 11, Lines 23-24: It is not necessarily true that the minimum albedo
value is too low (although it probably is too low for snow). If the model
accounts for refreezing, SMB may increase to the point that the ice
sheet will be stable. Please note this here.

Done (p.11,1.32 -p. 12,1. 3):

This is expected, as it is the only climatology with an initial negative SMB (Table 2),
which suggests that the amin value of 0.45 of albedo scheme "Utr-9" is too low.
However, this result might be different if the model would account for refreezing,
which would lead to a higher SMB, perhaps up to the point that the ice sheet will be
stable. Hence, our results are strongly determined by the characteristics of our snow
scheme.

14.

P.11, Lines 21-25: It is interesting that in all the GCM simulations, SMB
is lower than observed, but forcing with RACMO2 results in the most
realistic simulation. This suggests that the spatial distribution of SMB is
important to the evolution of the ice sheet, rather than the overall
numbers. I think this is a key result that should be emphasized more in
other parts of the manuscript.

Done, see the different additional lines as indicated on page 1 of this document.

15.

Done.

16.

P. 12, Line 23: Some of the flaws in the model are known, for example
the lack of a refreezing scheme and the lack of a scheme for
distinguishing between bare-ice vs. snow. Some of the flaws and
limitations of the ice sheet model are also known. These should be
mentioned here.

P. 12, Lines 24-25: Utr-8 produces the best representation of the
current state of the ice sheet, when used to force the ice sheet model,



but it produces an SMB that is too low relative to RACMO2. There are
also substantial differences in terms of albedo. Please clarify that Utr-8
is chosen because of the agreement in terms of ice volume and area. The
other discrepancies should be noted here. It should also be noted that
adding more realistic schemes to both the GCM and ISM will also change
which scheme produces the best results.

Done (p. 13,1. 7-10):

Nevertheless, based on the agreement in ice sheet area and volume, the "Utr-8" albedo

parameterization seems the best parameter setting within the set of albedo schemes to

be used in EC-Earth simulations with the current snow scheme and an interactive ice

sheet component. Adding a more sophisticated snow scheme will likely change optimal

choices for albedo parameters.

17. P.13, Line 31: Perhaps change “solve the...” to “acount for...”
Done.

18. P.14,Lines 2-11: As noted above, the results reveal more than the
influence of the albedo scheme, but also reveal the importance of
capturing the spatial distribution of SMB correctly, of accounting for
refreezing in the model, and the need for improvements to ISM
simulations. These points should also be noted.

Done, the conclusion now is as follows (p. 14, 1. 18-31):

We have extended the albedo parameterization over the GrlS in the earth system

model EC-Earth, to replace the constant value of 0.80 over perennial snow in EC-Earth.

We applied different exponentially-decaying functions to account for the slow and fast

response of asn in dry and wet conditions, respectively. Our results show that small

adjustments to the albedo scheme significantly influence the SMB over Greenland. This
in turn affects the ice sheet response, implying consequences for coupled ice sheet -
climate simulations in an earth system model framework. The height - mass balance
effect that we parameterized here using a relation of SMB with surface elevation will
be more accurately solved when ice sheet elevation and extent are given back to the
climate model. Based on the ice sheet simulations, the "Utr-8" albedo parameterization
seems the most suitable albedo scheme to be used in EC-Earth simulations with an
interactive ice sheet component. However, based on the different results obtained with

a climate forcing from a RCM, our results emphasize the importance of capturing the

spatial distribution of the SMB, rather than the ice-sheet integrated number. We note

that the physics of the albedo scheme can still be greatly improved with the inclusion
of a multi-layer snow model component in the land surface component of EC-Earth, to
better account for refreezing of percolating meltwater in snow, and to distinguish
between bare ice and snow. Hence, further improvements of the snow scheme are
crucial for the development of earth system models including an interactive ice sheet
component.



19. Figure 2, caption: Specify the period for the RACMO average.
Done

Technical Corrections:

1.P. 6, Line 9: Change “generally regarded weak” to “generally regarded as
weak”

Done

2.P. 6, Line 25: Change “from ERA-Interim” to “from the ERA-Interim”
Done

3.P. 7, Line 20: Change “then the other schemes” to “than the other schemes’
Done

4.P. 7, Line 23: Add “the” before “accumulation area”.
Done

5.P.7,Line32: Change“onallkm”to“atan11km”
Done

6.P. 8, Line 11: Add “the” before “SMB through...”
Done

7.P. 8, Line 28: Fix “froml”, and change “which is extensively” to “which has
been extensively”
Done

8.P. 9, Line 7: Change “spatial resolution” to “spatial resolutions”.
Done

9.P. 10, Line 21: Change “as are associated changes in SMB” to “producing
associated errors in SMB”.
Done



