Response to the reviewer 1

Dear colleague,

We are grateful for your constructive review of our manuscript. Please see our response (in green text) to
each of your comments and suggestions below.

Sincerely,

Baptiste Vandecrux on behalf of the co-authors.

Review: The firn meltwater Retention Model Intercomparison Project (RetMIP): Evaluation of nine firn
models at four weather station sites on the Greenland ice sheet, VVandecrux, et al.

Summary

In The firn meltwater Retention Model Intercomparison Project (RetMIP): Evaluation of nine firn models
at four weather station sites on the Greenland ice sheet, Vandecrux et al. present an assessment of nine
state of the art firn meltwater retention models, forced by data from four sites spanning a range of
conditions in Greenland’s percolation and dry snow zones. The authors find that densification schemes
perform similarly, as evidenced by limited model spread at Summit station, where melt events are rare. In
contrast, at sites in Greenland’s percolation zone, where seasonal melting is commonplace, models
simulate a wide range of density and temperature, which is supposedly primarily influenced by different
infiltration schemes between models. Based upon the results, a host of discussion points are raised
indicating shortcomings of particular models that need to be addressed.

The fate of pore space in Greenland’s firn package has important mass balance implications for the ice
sheet. The runoff/retention of surface melt depends on the detailed physics of meltwater infiltration,
which remains a central challenge for the field (van As, 2016). While this manuscript does not present
any fundamental scientific advancements towards overcoming this challenge, the intercomparison is an
opportunity to synthesize the present state of the modeling field and range of output from various
published models. This, I believe, has merit and is worthy of publication.

The topic is certainly of high relevance, but | believe the manuscript requires major revisions before it can
be considered for acceptance. In its present state, the manuscript fails to present model output which is
most relevant to the community. This could be alleviated by refocusing the results section with greater
attention to the details of simulated infiltration between the different models.

Specific attention was given to the discussion of simulated infiltration. We decided to keep the evaluation
of density and temperature because more observations are available. Additionally, appropriate simulation
of these two quantities is a prerequisite to realistic simulation of water infiltration.

Additionally, | found the Discussion to be quite unorganized, reading largely as a scattered list of model
details, and introducing new results. Reorganizing the Discussion, detailing how different infiltration
schemes lead to wide differences in modeled density and temperature, and providing better synthesis of
the model results with the objective of outlining directions for improvement, would substantially improve
the manuscript.



We hope the new structure clarifies the manuscript as recommended.

These primary concerns are detailed below. In addition, | have included specific comments where
language, content, and figure edits would improve the manuscript.

Major concerns

Presentation of results

As the title of the paper states, the manuscript presents a comparison of firn models with explicit schemes
for accommodating the infiltration, refreezing, and runoff of surface melt. This distinguishes the study
from past firn model intercomparisons (e.g. Lundin et al (2017)), and compels the authors to present
intercomparison results that leverage the unique capabilities of the models. Specifically, | believe the
manuscript would be of much greater interest to the community if the authors present meltwater
infiltration and refreezing results explicitly. In its current form, the intercomparison results are focused
predominantly on density and temperature. Minor focus is given to infiltration, refreezing, and retention,
and the reader is forced to interpret the differences in infiltration/refreezing among the models through the
density and temperature results.

We hope that the new structure gives more appropriate space to the comparison of meltwater infiltration.
We brought to the main text several plots for the summer 2016 at Dye-2, so that it could be discussed
along with percolation depth and upGPR observations. In the Discussion Section and in the Summary
remarks, we also now make clear that the spread among models and the deviation from observation
originate for a great part from different meltwater infiltration patterns.

The depth of infiltration at the different sites/years, and the annual depth distribution of refreezing are
guantities that would be very useful in presenting the range of simulated meltwater infiltration among the
models. | recognize there are few observational validation metrics, but the authors do have the upward-
looking radar results (I found this figure to be the most informative in the manuscript). But even so, one
of the objectives of the manuscript | believe is to communicate the range of meltwater infiltration in the
retention models that are out in the community. Since infiltration/refreezing is also of first order
importance in controlling the simulated density and temperature range, a greater focus on these quantities
provides a much richer context for discussing the density and temperature results. This is especially true
considering that observations of these variables are more common.

In figure 4, 6, 8 and 10 (in the revised manuscript) we believe we display the variety of infiltration depth
and liquid water content distribution in each model. We believe that plots of maximum percolation depth
at sites where no measurement of that quantity is available, would not have added information compared
to the plots of liquid water content that are already in the manuscript. Nevertheless we did our best to
describe, in the text, the model spread in maximum infiltration depth.

Organization of discussion

Much of the discussion reads as a scattered list of interesting things the authors noticed in their results,
rather than a synthesis of the model results with direction for the community. This is especially true of
section 5.1. | think the authors have an opportunity to use detailed infiltration results (see above) as a
foundation to discuss why density and temperature are so variable. The Summit density results show that



the underlying densification schemes in the models are similar, even when temperatures span a wide
range. So the large range in density results at percolation zone sites is due primarily to differences in
infiltration. This point would be strengthened if the authors present the refreezing results. By framing the
density/temperature output within the context of infiltration, and comparing these (density/temperature)
fields to observations, the authors can expand on how the general infiltration approaches perform and
comment on directions for improvement. This approach seems more logical than the scattered listing of
10 details and improvements. It may also feed more naturally in to the discussion of density and
temperature uncertainty in models.

The discussion section was remodelled site-wise to describe what we learn about the firn models in each
firn area represented by our sites. We hope that this new organisation improves readability and highlights
the model spread in infiltration. The lessons learned at each site and for each model are now also
summarized in the Summary remarks.

Section 5.2 focuses on uncertainty in density, temperature, and mass balance from the suite of model
output. | found the mass balance uncertainty particularly interesting, but | also consider these to be
results, and should be presented as such in section 4 (Results).

We have now developed the description of inter-model variability in calculated retention and runoff. We
agree that in that part we present new material and it is therefore not suited in the Discussion section.
However, we believe that this novel uncertainty estimation is more a development to the results that have
been presented and discussed in the rest of the manuscript. We have therefore dedicated a section, entitled
“Towards ensemble-based uncertainty estimates for firn model outputs”, to this work.

The Discussion section here is a unique opportunity to discuss the implications of the infiltration schemes
for quantities that are of perhaps the most importance to many -- runoff. The authors offer discussion of
specific sites but any sort of upscaling is lacking.

We now discuss the inter-model variability in meltwater retention and runoff calculations. Since this new
part builds on top of the results presented and discussed in the rest of the manuscript, it can be found in
Section 6: ““Towards ensemble-based uncertainty estimates for firn model outputs”.

Moreover, the results from Dye-2 are used to predict future conditions at the site, which | believe is both a
non-sequitor and not necessarily supported by the results.

Agreed, we removed this statement.

Based on the presented results from KAN_U it is apparent that the different infiltration schemes result in
a huge range in runoff/refreezing from model to model. If the Machguth (2016) results are to be accepted,
then it suggests that perhaps the retention models underestimate runoff. However, Machguth et al. (2016)
also define Dye-2 as a deep percolation site outside the runoff regime. Yet, the DTU model, which shows
the highest runoff at KAN_U, also indicates that 30-40% of surface melt runs off at Dye-2. Based on: a)
the wide spread in modeled runoff, and b) the fact that the model which supposedly most closely honors
the interpreted runoff at KAN_U also appears to overpredict runoff at Dye-2, my interpretation is that the



current generation of infiltration/refreezing models do not have the capacity to quantify runoff with
fidelity. Is that an accurate assessment? If so, this would be a very important point to make to the
community.

Indeed. We agree that there is currently no model that simulates infiltration and refreezing correctly at all
sites. We now highlight it in the abstract and conclusion.

I struggled with section 5.3. It outlines many shortcomings of the models’ ability to treat firn aquifers but
does not draw explicitly from anything in the Results. The Results section simply states that the case of
the firn aquifer is discussed in 5.3 (line 312). If the authors are to discuss model shortcomings, then they
need to at least support these criticisms with presented results. Restructuring the results section by site
(presenting infiltration, density and temperature site by site) would be one way to help achieve this. This
way, for instance, the reader will be primed on whether models simulate firn reaching the melting

point down to 20m as is shown in observations. This appears to occur in a number of models in Figure 5
but the text in the Discussion implies that this may not be the case.

The new site-wise organisation and better description of the result at the FA site should have clarified
these points.

Specific comments

In 28: change ‘...capacity to retain part of the surface meltwater...” to ‘...capacity to retain part or all of the
surface meltwater...”

Revised for “has the capacity to retain surface meltwater”

Abstract: The abstract contains only methods and results. No synthesis of interpretations or summary
statement.

The abstract was revised to provide better synthesis of the results.
In 44: Consider replacing ‘seen’ here and elsewhere in the manuscript. ‘Occurred’?
Rephrased to “Increased surface melt in the firn area of the Greenland ice sheet affects firn structure...”

In 45: See comment re: In 44
Revised to “seldom observed”

In 60-65: In the first para, the importance of firn for meltwater retention and observed changes are
established. In this second paragraph it would be stronger to communicate the challenges associated with
meltwater infiltration in firn. Reijmer presented early work modeling infiltration/refreezing. But new
models are on line with differing and, in some instances, more physically based schemes for meltwater
infiltration/refreezing. Others have also tested different melt infiltration schemes. What about Steger
(2017)? The authors need to do a better job of placing this work in the context of existing comparisons of
meltwater infiltration/retention.



We added: ”Steger et al. (2017) and more recently Verjans et al. (2019) investigated the impact of
meltwater infiltration schemes on the simulated properties of the firn in Greenland. These studies
highlighted the potential of deep-percolation schemes, for instance for the simulation of firn aquifer, but
also the sensitivity of simulated infiltration to the firn structure and hydraulic properties. In these previous
studies, the surface conditions were prescribed by a regional climate model. Inaccuracies in this forcing
could therefore explain some of the deviation between model outputs and firn observations and prevented
a full assessment of different firn model designs.”

In 66: Why just ‘some’ of the models currently used on the GrIS? What other models are the authors
explicitly not using, and why is this the case?

Only models that replied positively to the openly advertised request to participate in the experiment are
included in the comparison. The nine participating models are among the most commonly used firn
models. We have reformulated the sentence to indicate that a set of nine models participated in the
experiment.

In 70-73: 1 would consider reframing the questions to more explicitly treat the different infiltration
schemes. Isn’t this the point of the study, to compare the infiltration schemes of different model schemes
and the impact on the firn framework (density and temperature), and resulting runoff/refreezing
partitioning?

We revised these science questions to a more straightforward description of the study’s structure:

At each site, we compare simulated temperature, density and the resulting meltwater infiltration
patterns between models and to in situ measurements. We discuss model features that can be
responsible for model spread and deviation from observations. Lastly, we evaluate how differences in
simulated firn characteristics result in various simulated refreezing and runoff values at sites where melt
and/or runoff occur and attempt to quantify uncertainties linked to firn models.

In 117-119: Reeh (2005) limits melt to the annual layer while the bucket approach redistributes based on
cold and liquid water content. Seems to be contradictory?

Thank you for bringing this to our attention. We removed the reference to Reeh (2005) which was
inappropriate.

In 124-125: Is this statement relevant to the output? It appears to be a technical detail of the model
mechanics that is a non-sequitor.

Indeed, this sentence was not necessary to the understanding of the main model characteristics. It was
removed.

In 141: Vandecrux (in review) does not appear in the references?
Reference updated

Table 2: GEUS model, Runoff Calculation -- change ‘identical’ to ‘adjacent’? Also, DMIHH Meltwater
routing is empty. Should this also be Darcy’s law?



Revised to “adjacent” and added Darcy’s law to Table 2, thank you.

In 210: The authors state that ‘as many boundary conditions as possible’ were given to all modes. Is there
any guarantee that the models are all being forced by the same surface melt? This is imperative to
understanding the results. Hopefully the answer is “yes’. I believe, based on reading of the supplemental,
that this the case for all but the Meyer and Hewitt model? I think this should be stated explicitly in the
manuscript. Moreover, the authors should state in the main manuscript an estimate of the high/low melt
bias in the Meyer and Hewitt model.

We stated this more clearly:
This surface energy and mass balance provides, at three-hourly resolution, the three surface forcing fields that were

used by all models: the surface “skin" temperature, the amount of meltwater generated at the surface, and net snow
accumulation (precipitation — sublimation + deposition). Only the MeyerHewitt model required minor adaptation of

these forcing fields (see Supplementary Text S1).

Figure 4: With such narrow panels this plot is impossible to decipher. Are models grouped and cores
repeated 3x for clarity? What about 2 plots for each core? 1) the measured core density, and 2) the
difference between measured and modeled for each model?

This plot was updated. All curves are in the same panel now.

Figure 6: Again, the plot is indecipherable. All the text overlaying the plots implies that the visuals
themselves are unimportant. If so, then just present the ME, RMSE, and R2 in a table and be done with it.

We understand that it is a lot of information on the same plot. However we believe that the colored
background still allows (with 100% zoom) to see if the cold/warm bias is located closer to the surface or
down at depth or if there is a seasonal pattern in the model deviation. We would therefore like to continue

with this format.

In 303: ‘more’ is very qualitative. The results also appear to be very model-dependent at KAN-U. So what
is 'more'? Consider just eliminating it.

This section has been rewritten.

In 319-321: | found this lead-in confusing b/c the next figure call (Figure 7) references is all sites. Further,
the next Figure 8, is focused on Dye. As stated above, | would consider restructuring the results by site.

Reorganized as suggested, to discuss one site at a time.
Figure 8: State in the caption that a, b, ¢ are all the same. Just grouping models for clarity.

All curves are now presented in one panel.



In 339-340: awkward sentence
The sentence was revised.

In 369: what is ‘dissipate contrast’?
The sentence was revised.

In 382: What is inappropriate? Nearly all of the models use a thermal conductivity referenced in the
literature.
Revised to “inaccurate estimates of”.

In 384: Incomplete sentence.
Revised, thank you.

In 407-409: Interestingly, Charlampidis et al. (2015) show what they believe to be refreezing below this
very same ice slab. Just delayed in time.

Thank you for pointing this out. We changed the wording accordingly:
We note that the ice slab has a low, but not null, permeability as illustrated by rarely observed meltwater refreezing
events within the ice slab (Charalampidis et al., 2016).

In 414-415: This could then indicate the challenge of comparing a firn model, which operates over such
large spatial scales, with measurements of density that are local and prone to large spatial variability.

We believe this is already covered in this same paragraph. We specify what are the scale-related
assumptions used by each model and conclude that “We recommend further investigation of the
permeability of ice-dominated firn in relation to the firn density, the ice layer thickness and the various
spatial and temporal scales at which the firn models are used.”. Unfortunately, we do not have data here
to assess these scale-related assumptions.

In 526-527: These are new results in the conclusion!
These results are now stated more clearly in the result section.

In 532: The paragraph leading to this statement summarizes what | believe to be the primary purpose of
the manuscript. Synthesis of the model results beyond site-by-site agreement would vastly improve the
paper. The final sentence is also incomplete.

This sentence of the conclusion was meant to give perspective for future research (new observations of
horizontal/vertical water flow and spatial representativity of firn models). We completely agree that a
study addressing these questions would have great impact. Unfortunately, we do not have the data, nor the
model runs to investigate these. We nevertheless want our study to be a steppingstone to the next leap in
firn modelling, identifying modelling strategies that are improper to describe certain firn structures or
model parameters that are currently completely unconstrained. We hope the new structure makes our
objectives more clear.



Supplemental: Considering the revisions required in the manuscript, | have not gone through the
supplemental material in detail. However, figure call-outs do not follow a consistent order (e.g. Figure
ST1 is followed by Figure S1).

Thank you, this issue has been fixed.



Dear Dr. Morin,

Thank you for your thorough review of our manuscript and for your constructive suggestions.
Please see below our response to each of your remarks.

Sincerely,
Baptiste Vandecrux on behalf of the co-authors

The manuscript by Vandecrux et al., entitled “The firn meltwater Retention Model Intercomparison
Project (RetMIP): Evaluation of nine firn models at four weather station sites on the Greenland ice sheet”,
provides results from a recent intercomparison of firn models dedicated to their handling of meltwater
retention and runoff. This topic has attracted a lot of interest over the past decade, following the discovery
of subsurface aquifers on the Greenland ice sheet and the fact, more generally, that liquid water transfer is
a critical, yet very complex process governing the energy and mass balance of firn below the surface. The
manuscript undoubtedly fits the scope of The Cryosphere. It is generally well designed and easy to
understand, although, like many other manuscripts reporting on intercomparisons, the reading can be a bit
cumbersome and the results will mostly appeal to experts in this field. | recommend publication of this
article, and I provide here below some feedback and suggestions, which may be considered by the authors
in case they lead to improvements of the manuscript.

Page 1, line 1-2: “Perennial snow, or firn, covers 80% of the Greenland ice sheet and has the capacity to
retain part of the surface meltwater, buffering the ice sheet’s contribution to sea level”. This sentence
could in fact be quite misleading and | suggest reformulating, either at least acknowledging that the
“buffering” acts upon sea level *rise*, or maybe more generally, leave out the term “buffering” (which
could be inappropriate in some cases where runoff generation can increase the contribution of the ice
sheet to sea level rise), and use a more neutral term referring to the fact that firn processes influence the
behaviour of the ice sheet and affect its contribution to sea level rise.

Revised as suggested: Perennial snow, or firn, covers 80% of the Greenland ice sheet and has the capacity to
retain surface meltwater, influencing the mass balance of the ice sheet and its contribution to sea level rise.

Page 1, line 3 : “weather-station-derived” : maybe consider unpacking the wording, this
is quite tedious to read.

Revised as suggested: forced by mass and energy fluxes derived from weather stations at four sites.

Page 2, line 60 : I think it could be useful, and appeal to a wider community of readers, if this article
could provide more information on what a “firn” model is, or what a “snow and firn” model is if the two
terms here are meant to be combined. Indeed, GCMs and RCMs all feature a “snow” component in their
land surface models, and many such models do not handle ice sheets differently from a long-lasting
seasonal snowpack. It could thus be quite appropriate to provide more background on how snow and firn
processes are considered in GCMs and RCMs (or other tools used for reanalyses etc.), in order to make
this effort even more useful in a CMIP6/IPCC context. This could make it possible to establish how the
firn models used for this intercomparison fit in this wider context, thereby providing information on



whether the results of this intercomparison are relevant when discussing the results of existing GCMs and
RCMs projection. Also(see below point too), it would be good to introduce what are the typical
input/output to firn models, because they seem to deviate from typical input/output of land surface
models, hence the link to GCMs/RCMs/etc. is not direct.

Regarding the use of firn model in GCM/RCM we added: “The performance of these models, when
coupled to regional and global climate models, has a direct impact on the quality of ice-sheet mass-
balance calculations (Fettweis et al., 2020) and sea-level change estimations (Nowicki et al., 2016).”. A
general description of the firn model structures and traditional use is presented in the Method section.
Since it is rather technical, we did not want to have it in the Introduction.

Page 2, line 64 : Although | know this can be debated, | have strong personal reservations against the term
“validation”, which I believe is beyond reach in any geosciences field because the “truth” is never known
hence “validation” (in the strong sense) can only be elusive. I much prefer the term “evaluation”, which
better encapsulates the fact that the evaluation results from a comparison with observations, which also
carry some uncertainties. | was happy to see the term “evaluation” in the title and in the abstract, so

it was disappointing to see the term “validation” popping up in the introduction. Maybe this can be
harmonized throughout. Along the same line, in several instances the comparison between model output
and observations is referred as a “bias”. Here again, “bias” is a term which includes some judgement of
value, implicitly assuming that observations are the “truth”. I think that observations are never the “truth”
and, especially regarding in-situ snow and firn observations, we know that observations are intrinsically
prone to significant errors, in addition to large spatial variability for many variables at all scales, which
induces representativeness issues. In this context, I much prefer referring to “deviations” between model
results and observations, without using the term bias. I note that the term “deviation” is used in several
places in the manuscript, including in figure captions (e.g. caption of Figure 6, which | think is perfectly
worded), so maybe this could be harmonized in the text.

We agree with these points and have revised the text to harmonize the use of the terms “evaluate” and
“deviations”, recognizing that true validation is a difficult exercise, especially in field settings around
variables that vary widely in space and from year to year. That said, some model results are arguably
invalid or biased (e.g., deep infiltration of meltwater and anomalously warm firn temperatures at Summit,
counter to available observations and physical expectations), so we still use of the term “bias” in the
manuscript.

Page 2, line 67 : Here is a good example where more information could be provided on whether (some of)
the firn models included in this intercomparison are representative to how firn processes are handled in
GCM/RCM/NWP maodels, so that the results can be used to analyse some of the output of such models.
At present, and even though some of the information is provided in section 2, the models included in the
intercomparison are not categorized explicitly according to their use, and I think it could be helpful to the
scientific community to provide the rationale and the results of the intercomparison in a way that can
(somehow) be transferred to the interpretation of other model results.

Considering that the history and description of each model are already reported in the Methods section,
we would like to keep the introduction concise and not list the models there (which would require



references and explanation of the acronyms). We also hope that the introduction now connects better the
RetMIP with broader applications of firn models.

Page 3, line 91 : it seems that there is a typo in this reference, I believe this should be 1998. T haven’t
checked all reference, but if they were typed by hand and not using literature management software, there
may be other errors in the references.

Revised to 1998, thank you.

Page 4, line 1 : This table is very useful, | suggest adding a column for providing the extended name
(developing the acronym) and, more to the point, adding a column on how the model is typically used
(included/coupled to a land surface model in RCM/GCM/NPW context, or purely offline for process
investigations etc.). I’'m convinced that the authors can easily define several categories within which
models can be classified (these categories could even be used in the results and discussion, if common
features, or not, emerge from these various categories, in addition to discussing results referring to
process representation in models).

We thank you for this suggestion but would like to keep the model use within each model section within
the method and not as a grouping criterion. Many of the models have been used for various purpose but
with very different settings, making it unclear whether a label apply to the model set used here. Lastly, |
would like to point out that, like for other earth surface models, the choice of a firn model for a specific
application is rather determined by “legacy rather than adequacy”
(https://doi.org/10.1029/2018WR022958). With our study, we hope we highlight the tasks for which each
model is adequate independently of how it has been used in the past.

Page 4, Line 98 : | think it would be good to spell out the acronyms in the titles of subsections 2.1, 2.2
etc., this is otherwise quite obscure for non-expert readers not accustomed to the acronyms of these firn
models.

To keep the titles of subsections concise we wish to keep the acronyms there. They are then defined in the
paragraphs just below. Another motivation for this choice is that most of the acronyms used as model
names do not carry information about the model type or design and therefor are not deemed worth to be
highlighted in the subsections’ titles. We note that Fettweis et al., (2020, https://doi.org/10.5194/tc-2019-
321) used a similar strategy.

Page 5, line 116 : extra “-* between ASIRAS and instrument
This sentence was revised.

Page 5, line 131 : it seems to me that layers defined by a w.e. (e.g. mass per unit surface area) should not
be qualified by a “thickness”, which refers to a distance (in m). If the model is formulated in terms of
layers with a given mass, then I believe the text should refer to this, and the substitution of “thickness”
with “mass” will accurately represent how the model is formulated.


https://doi.org/10.1029/2018WR022958
https://doi.org/10.5194/tc-2019-321
https://doi.org/10.5194/tc-2019-321

We agree that the phrasing was awkward here. We changed for: “ DMIHH employs 32 layers within which

snow, ice and liquid water fractions can vary and where each layer has a constant mass.”

Page 7, Table 2 : I think that the column on “Hydraulic conductivity” needs some attention. The van
Genuchten (1980) article provides a way to link between the saturated hydraulic conductivity and the
hydraulic conductivity, which for snow has been addressed by several studies such as Shimizu (1970),
Calonne et al. (2014) or can be used using geometrical estimates such as Carman-Kozeny (see Calonne et
al., 2014 for a review of existing formulations, and Wever et al., 2014, for context). Hence | suggest to
double check, for each model, what is the parameterization used for estimating the saturated hydraulic
conductivity (corresponding to the permeability) from the microstructure (density, specific surface
area/grain size) and the formulation used to derive the hydraulic conductivity (van Genuchten (1980) is
probably widely used). This column seems to be lumping and mixing the two.

Thank you for spotting this. We now specify for each study using Darcy flow the saturated and
unsaturated hydraulic conductivity, with the source of the coefficients that have been used if necessary.

Page 8, line 177 : I’'m not fully convinced by the formulation of how the forcing data are introduced.
“Any bias in forcing data propagates into the model output” : Id rather suggest that any *difference* in
forcing data propagates into differences in model outputs. The term “bias” is here inappropriate I think
(see comments above).

Here we respectfully disagree and would like to continue with the word “bias”. Regional climate models
are known to have systematic deviation from observations both locally (AWS) and on a larger scale
(against remote sensing products). For example, Noél et al. (2018, https://doi.org/10.5194/tc-12-811-
2018) use 93 times the word bias when describing RACMO2.3p2.

Further, “To make sure we compare and evaluate the models independently of biases that may exist in
forcing datasets that come from RCMs, we use meteorological fields derived from five weather stations at
four sites.” I think this sentence needs rephrasing, because it gives the impression that only RCM
atmospheric fields can be biases, and in-situ atmospheric observations are not biased. I don’t see the point
in referred to RCM here at all, but simply state that “To make sure we compare and evaluate the models
independently of differences due to forcing data, we use for all models the same meteorological fields
derived from five weather stations at four sites.” The references to RCM data is absolutely not needed
here, and in the current formulations I consider it misleading and improper.

We agree that AWS data can be biased and we mention weaknesses in our dataset (f.e. lack of tilt
correction for the radiation data) to be corrected in future intercomparisons. But we believe that AWS are
the best estimation of local meteorological conditions. We would like to continue with the phrasing and
raise awareness about the deviations that exist between RCM and AWS measurements: for instance
RACMO2.3p2 (Noél et al., 2018) give air temperatures that are on average 2.7°C colder than observed at
Summit station.


https://doi.org/10.5194/tc-12-811-2018
https://doi.org/10.5194/tc-12-811-2018

This is now also introduced in the introduction when mentioning previous model intercomparisons:
“Steger et al. (2017) and more recently Verjans et al. (2019) investigated the impact of meltwater
infiltration schemes on the simulated properties of the firn in Greenland. These studies highlighted the
potential of deep-percolation schemes, for instance for the simulation of firn aquifer, but also the
sensitivity of simulated infiltration to the firn structure and hydraulic properties. In these previous studies,
the surface conditions were prescribed by a regional climate model. Inaccuracies in this forcing could
therefore explain some of the deviation between model outputs and firn observations and prevented a full
assessment of different firn model designs.”

Page 9, line 202 : If I understand well, the firn models are driven by 3-hourly skin temperature, meltwater
generation (what it this ?) and net snow accumulation.

Indeed, we clarified the phrasing: “This surface energy and mass balance provides, at three-hourly
resolution, the three surface forcing fields that were used by all models: the surface “skin" temperature,
the amount of meltwater generated at the surface, and net snow accumulation (precipitation — sublimation
+ deposition).

I think this warrants an explicit statement on the forcing data for firn models (see my comment regarding
the introduction), because this appears to be quite different from forcing data of land surface models
(including the snow component), usually driven by air temperature, relative humidity, incoming
shortwave radiation, incoming longwave radiation, wind speed (and direction) and snowfall and rainfall
rate (in offline or online applications).

I do not have much experience with reanalysis datasets and land surface models but RCMs like HIRHAM
and RACMO use the same energy budget closure approach to calculate surface temperature and surface
melt that are then passed to the firn module:

At the surface, snow mass is updated with snowfall, rainfall, melt and deposition/sublimation at each
subsurface scheme time step (1 h). Likewise, the surface temperature is updated via energy budget
closure with radiative and turbulent surface energy exchange above and diffusive and advective heat
exchange with subsurface layers. If the surface temperature exceeds 0°C, it is reset to 0°C and the excess
energy supplies heat for melting (Langen et al., 2015).

Langen et al. (2017, https://doi.org/10.3389/feart.2016.00110)

In RACMO2, the skin temperature (Tskin) of snow and ice is derived by closing the surface energy budget
(SEB), using the linearised dependencies of all fluxes to Tskin and further assuming, as a first
approximate, that no melt occurs at the surface (M D 0). If the obtained Tskin exceeds the melting

point, Tskin is set to 0 C; all fluxes are then recalculated and the melt energy flux (M > 0) is estimated by
closing the SEB.”

Noél et al. (2018, https://doi.org/10.5194/tc-12-811-2018)

The forcing fields that were provided to the RetMIP participants were therefore close to what each of
these firn modules traditionally take as input. Surface models that could not take these prescribed
forcings, and required to be given meteorological fields instead, were not considered in our study as they


https://www.frontiersin.org/articles/10.3389/feart.2016.00110/full#B39
https://doi.org/10.3389/feart.2016.00110
https://doi.org/10.5194/tc-12-811-2018

would have had different temperature and meltwater input at the top of their simulated firn column. We
do not see the need for listing the firn models that are not compatible with our forcing fields. The
MeyerHewitt model was an exception to this since Colin Meyer found a meaningful way to re-calculate
the surface energy fluxes that would give, for his energy balance scheme, similar surface temperature and
melt as prescribed (details in the supplementary material).

In this context, it would be good to quickly introduce how the firn model data input are typically
computed within GCM/RCM/NWP models where they are implemented.

In the introduction we now mention “Firn models traditionally take as input energy and mass fluxes at the
surface and calculate the evolution of firn characteristics and meltwater retention at scales ranging from tens of
metres to tens of kilometres “. Making a review of currently-used surface energy and mass balance models that can
be used to force firn models (from full energy budget to PDD and statistical approaches), is out of the scope of this
manuscript.

I also think that it would be beneficial for the manuscript, if the material provided in the Supplement
regarding how the models were adapted in order to contribute to the intercomparison, could be placed
within the body of the article. [In fact, I’'m in favour of moving the whole supplementary material into the
article, which is quite technical anyway, and which I think would benefit from having all the information
in the same document.

We brought in the main text Table S1 (now Table 4) and removed some of the unnecessary material from
the supplementary. Considering the length and the complexity of the study we would like to keep the
remaining information (complementary information regarding our methods ) in the supplementary and
only have the necessary information in the main text. If there is a specific result or discussion point that
cannot be understood without the supplementary, we will be happy to move the required material to the
main text.

Page 10, Table 3 : Mean annual air temperature data should probably be homogenized in terms of
formatting (why is the number provided by 0.1C resolution of KAN_U and rounded to the unit C for
other sites ?)

Revised to common precision (nearest degree).

Page 20, line 371 : Eulerian

Revised.

Page 20, line 384 : it seems that the sentence does not end as planned. Was it the intent to refer to Calonne
et al. (2019 ; https://doi.org/10.1029/2019GL 085228 ) which may provide some hints into how to
parameterize firn thermal conductivity ?

The sentence fragment has been corrected and this reference has been added - thanks for flagging this
very relevant paper.



Page 21, line 404 : The last sentence “Especially, the heterogeneous nature of the firn, the presence of
vertical ice features in the firn, the variability in surface snow density/thermal conductivity as well as firn
ventilation are processes not currently included in the models and should be subject of future research.” is
certainly true but is quite vague. Based on existing literature (e.g. Albert et al.) is it possible to elaborate
more on the expected direction of change and whether accounting for such processes would be beneficial
(and at what numerical cost) ?

Following the recommendation from Reviewer 1, we now only elaborate on topics for which we have
data and/or model outputs. Topics such as spatial heterogeneity, firn ventilation or surface snow density
are only mentioned for future research and are therefore outside of the scope of this study.

Page 21, line 413 : add “with” after “match”
Revised.

Page 22, line 433 : on the “fresh snow” density issues and beyond, there is little discussion in the
manuscript on the connection between snow cover models (such as those embedded in land surface
schemes) and firn models. Wouldn’t it be adequate that surface processes are handled by snow cover
model rather than firn models, taking advantage of the features of both types of models ? This connects
with the guestion on how firn models are used within coupled GCM/RCM or offline (see comments
above).

As recommended by reviewer 1, we reduced the discussion of surface snow density as we do not present
data or model output bringing new insight on this topic. We agree that surface snow density is tightly
linked to the surface meteorology and consequently opens the question of how firn models are coupled to
surface and atmospheric conditions. But we wish to focus here on the inter-comparison of firn models and
leave this issue to future work.

Page 22, line 443 : It should be mentioned here that the uncertainty envelope corresponds to +/- 2
standard deviation (+/- 2 sigma). This information is missing here (although it is provided later in the
conclusion). Regarding the temperature, | see a limitation to the estimate provided here, in the sense that
the temperature of the firn cannot exceed OC. How does this impact the uncertainty range provided for
temperature?

Now clarified where we first introduce the uncertainty estimation. Indeed, as a consequence of this upper
bound of firn temperature, model spread indeed decrease at sites where firn reach 0°C. It simply implies
that it is easier to simulate firn temperature at a temperate site than at a percolation or dry snow site.

Page 23, line 451 : What is the argument for stating that this uncertainty range applies in situations where
observations are not available ?

We have reworded this for clarity; they are modelled uncertainties, in the absence of observational
constraints. Where observations are available, it is possible to calibrate models or reject models that do
not perform adequately, reducing the model uncertainty envelope.



Page 24, line 482 : “much faster drainage of the aquifer” : faster than what ?

Sorry for the ambiguity: faster than the Zuo-Oerlemans parameterization. Now clarified in the text.
Page 24, line 484 : A qualifier is probably missing before “models” : “existing firn models” ? “firn
models considered in this intercomparison” ?

Revised as suggested.

Page 24, line 490 : I suggest not using the term “reality” in scientific publications. Furthermore, a
reference is missing to support the statement in this sentence.

This has been reworded here and at two other instances in the manuscript.

Figures : I didn’t notice any major flaw in the design or content of the figures, which are appropriate to
convey the results of this intercomparison.



Dear Dr. FitzGerald,

Thank you for reading and commenting on our study.
Please see our response in green below.

Sincerely,
Baptiste Vandecrux on behalf of the co-author

This report is significant in that it compares the performance of multiple firn models in
Greenland, run using the same forcing data and boundary conditions, to field observations.
The importance of this work, however, is obscured by the poor organization of

the report, particularly in the discussion section. Improvements to the organization of

the report through the implementation of an interpretation framework and systematic
discussion would increase its relevance to the modeling community.

The discussion currently reads as a list of findings, instead of taking the reader through
the results in a systematic way. Organizing the discussion using a framework (e.g.

in terms of model type, site, result type) similar to that used in the results section
would improve clarity. Additionally, it is unclear why some sections are included in the
discussion section. For example, section 5.1.10 discusses the importance of the value
used for fresh snow density in the model; however, this section cites only previous
studies and does not discuss how this is demonstrated by the results of this work.

As suggested, the Discussion Section has been reorganized to cover each of the four sites/climate zones: dry firn, percolation, ice
slab and aquifer regions.

Additionally, with the many abbreviations used for model and site names, keeping track
of the properties of each model without constant reference to Table 2 is difficult if the
reader is not familiar with all the models. Having a framework in which these models
are referenced, and a more systematic discussion of results, would improve readability.

We understand the low readability of the model name. Unfortunately it was not possible to change them at this point.
Nevertheless, we now always mention the characteristic of the model that we want to discuss, along with its name: e.g. “only the
models with explicit deep-percolation schemes (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) simulate water below 10 m
depth”.

This report is of particular interest to those deciding between firn models to use and
those interpreting results from such models. As such, the results of this paper could

be presented in a way to highlight the effect that these findings have on choosing or
interpreting these models. These findings are touched on in the abstract but are difficult
to parse from the discussion. Better organization of the discussion, as previously
suggested, would remedy this issue.

In addition to the restructuration of the Results and Discussion Sections we now also summarize and highlight the strengths and
weaknesses of different models in the Summary remarks and perspectives Section.
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The firn: meltwater Retention Model Intercomparison Project
(RetMIP): Evaluation of nine firn models at four weather station sites

on the Greenland ice sheet
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Abstract. Perennial snow, or firn, covers 80% of the Greenland ice sheet and has the capacity to retain surface meltwater,
influencing the mass balance of the ice sheet and its contribution to sea level rise. Multi-layer firn models are traditionally
used to simulate firn processes and estimate meltwater retention. Here, we present output from nine firn models, forced by©
mass and energy fluxes derived from automatic weather stations at four sites that represent dry snow, percolation, ice slab
and firn-aquifer areas. The model spread in firn density, temperature and water content, and the deviation from observations,
increases with increasing melt, due to differences in how the models simulate meltwater infiltration. Models accounting for
deep meltwater percolation overestimate percolation depth and firn temperature at the percolation and ice-slab sites but
accurately simulate recharge of the firn aquifer. Models using Darcy’s law and models using a bucket scheme compare

favourably to observations at the percolation site, but at the ice slab sites only the Darcy models accurately simulate firn
1
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temperature and meltwater percolation. Despite good performance at certain sites, no single model currently simulates
meltwater infiltration adequately at all sites. The model spread in meltwater retention increases with surface meltwater input,
reaching £60% at KAN_U in 2012. That year models calculate that 30J_r24%¢f melt was run off which is low compared to
a punctual runoff observation. We identify potential causes for the model spread and the mismatch with observation and

provide recommendations for future model development and firn investigation.

1. Introduction

Responding to higher air temperatures and increased surface melt, the Greenland ice sheet has been losing mass at an
accelerating rate over recent decades and is responsible for about 20% of observed global sea level rise (Van den Broeke et
al. 2016, IMBII’:QI'eam 2019). Increasing temperatures have introduced melt at higher elevations where melt was previously
seldom observed (Nghiem et al. 2012). In these colder, elevated areas, snow builds up into a thick layer of firn. Increased
surface melt in the firn area of the Greenland ice sheet affects firn structure (Machguth et al. 2016; Mikkelsen et al. 2015),
density (De La Pefia et al. 2015; Vandecrux et al. 2018), air content (van Angelen et al. 2013; Vandecrux et al. 2019) and
temperature (Polashenski et al. 2014; VVan den Broeke et al., 2016). Changing firn characteristics affect its meltwater storage
capacity; either in terms of refreezing within the firn (Pfeffer et al., 1991; Braithwaite et al., 1994) or as liquid water retained
in perennial firn aquifers (e.g. Forster et al. 2014; Miege et al. 2016), therefore impacting the ice-sheet contribution to sea-
level rise (Harper et al., 2012; Machguth et al. 2016; Mikkelsen et al. 2015; Van As et al. 2017). Meltwater refreezing can
also form continuous ice layers that are several meters thick (MacFerrin et al. 2019). These ice slabs impede vertical
meltwater percolation, enhance surface-water runoff, and lower the surface albedo, further amplifying Greenland’s
contribution to sea-level rise (Charalampidis et al. 2015). The evolution of firn on the Greenland ice sheet is important for
two additional reasons: first, knowledge about how firn air content evolves through time is necessary for the conversion of
space-borne observations of ice sheet volume change into mass change (e.g. Sgrensen et al. 2011; Simonsen et al. 2013).
Secondly, the depth of firn to ice transition, as well as the mobility of gases through the firn before they are trapped in bubbles
within glacial ice, are necessary for the interpretation of ice cores and heavily depend on the fine coupling between the firn

characteristics andurface conditions (e.g. Schwander et al., 1993).

Firn models traditionally take as input energy and mass fluxes at the surface and calculate the evolution of firn characteristics
and meltwater retention at scales ranging from tens of metres to tens of kilometres. The performance of these models, when
coupled to regional and global climate models, has a direct impact on the quality of ice-sheet mass-balance calculations
(Fettweis et al., 2020) and sea-level change estimations (Nowicki et al., 2016). In previous work, Reijmer at al. (2012)
suggested that, provided reasonable tuning, simple parameterizations of the subsurface processes calculate refreezing rates
for the Greenland ice sheet in agreement with results from physically based, layered subsurface models. However, spatial
patterns varied widely and evaluation against field observations remained challenging. Steger et al. (2017) and more recently

Verjans et al. (2019) investigated the impact of meltwater infiltration schemes on the simulated properties of the firn in
2
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Greenland. These studies highlighted the potential of deep-percolation schemes, for instance for the simulation of firn aquifer,
but also the sensitivity of simulated infiltration to the firn structure and hydraulic properties. In these previous studies, the
surface conditions were prescribed by a regional climate model. Inaccuracies in this forcing could therefore explain some of
the deviation between model outputs and firn observations and prevented a full assessment of different firn model designs.

The meltwater Retention Model Intercomparison Project (RetMIP) compares results from ten firanodeIs currently used for
the Greenland ice sheet. The models are forced with consistent surface inputs of mass and energy and simulations are
performed at four sites where surface conditions could be derived from automatic weather station (AWS) observations and
where firn observations are available. These four sites were chosen to represent various climatic zones of the Greenland ice
sheet firn area: the dry snow area, where melt is rare and temperatures are low, is represented by Summit; the percolation
area, where melt occurs every summer at the surface, infiltrates in the snow and firn and refreezes entirely there, is represented
by Dye-2; ice slab regions, where a thick ice layer hinders deep meltwater percolation, is represented by KAN_U; and firn
aquifer regions, where infiltrated meltwater remains liquid at depth is represented by FA. At each site, we compare simulated
temperature, density and the resulting meltwater infiltration patterns between models and to in situ measurements. We discuss
model features that can be responsible for model spread and deviation from observations. Lastly, we evaluate how differences
in simulated firn characteristics result in various simulated refreezing and runoff values at sites where melt and/or runoff

occur and attempt to quantify uncertainties linked to firn models.

2. Models

The multi-layer firn models investigated here are listed in Table 1. They all have density, temperature, and liquid water
content as prognostic variables and apply a framework whereby firn is divided into multiple layers for which these
characteristics can be calculated. The number of layers varies in each model (Table 2) and we distinguish between two
distinct.types of layer management strategies: all models except DMIHH and MeyerHewitt follow a Lagrangian framework,
i.e. they add new layers at the top of the model column during snowfall and these layers are advected downward as new
material accumulate§fit the surface. DMIHH and MeyerHewitt follow a Eulerian framework in which the layers have either
fixed mass or fixed volumes. During snowfall, new material is added to the first layer and an equivalent mass/volume is
transferred by each layer to its underlying neighbour. At each time step, the models calculate firn density according to
different densification formulations and update the layer temperature using different values of thermal conductivity (Table
2). The DMIHH, GEUS and DTU models have a fixed temperature at the bottom of their column (Dirichlet boundary

condition) while other models have a fixed temperature gradient (Neuman boundary condition).

All models simulate meltwater percolation and transfer water vertically from one layer to the next according to the routines
listed in Table 2. They also simulate meltwater refreezing and latent heat release. All models simulate the retention of

meltwater within a layer due to capillary suction, either explicitly (MeyerHewitt and CFM model) or, for all other models,
3
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[New]: "sheet. The models are forced with consistent surface inputs of mass and energy and simulations are performed at four sites where surface conditions could be derived from automatic weather station (AWS) observations and where firn observations are available. These four sites were chosen to represent various climatic zones of the Greenland ice sheet firn area: the dry snow area, where melt is rare and temperatures are low, is represented by Summit; the percolation 80 area, where melt occurs every summer at the surface, infiltrates in the snow and firn and refreezes entirely there, is represented by Dye-2; ice slab regions, where a thick ice layer hinders deep meltwater percolation, is represented by KAN_U; and firn aquifer regions, where infiltrated meltwater remains liquid at depth is represented by FA. At each site, we compare simulated temperature, density and the resulting meltwater infiltration patterns between models and to in situ measurements. We discuss model features that can be responsible for model spread and deviation from observations. Lastly, we evaluate how differences 85 in simulated firn characteristics result in various simulated refreezing and runoff values at sites where melt and/or runoff occur and attempt to quantify uncertainties linked to firn models."
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parameterised through the use of an irreducible water content after Coléou and Lesaffre (1998). When meltwater cannot be
transferred to the next layer or be retained within the layer by capillary suction, IateralQrunoff can occur according to model-

105  specific rules (Table 2). The background and specifics of each model are described in greater detail in the following
paragraphs.

Table 1: Models evaluated in this study.

Model code name Developing institute References

CFM-Cr University of Washington, Lancaster Stevens et al. (2020),

CFM-KM University Verjans et al. (2019)

DTU Technical University of Denmark — Sgrensenetal. (2011), Simonsen
National Space Institute et al. (2013)

DMIHH Danish Meteorological Institute Langen et al. (2017)

Qa‘eological Survey of Denmark and
GEUS Vandecrux et al. (2018, 2020)
Greenland

Institute for Marine and Atmospheric
IMAU-FDM research Utrecht (IMAU), Utrecht

University

Ligtenberg et al. (2011, 2018),
Kuipers Munneke et al. (2015)

. Thayer  School of  Engineering, )
MeyerHewitt Meyer and Hewitt (2017)
Dartmouth College

UppsalaUniBucket o Van Pelt et al. (2012,2019),
] Uppsala University
UppsalaUniDeepPerc Q@Wiarchenko et al. (2017)

2.1.92FM-Cr and CFM-KM models

1100 The Community Firn Model (CFM) is an open-source, modular model framework designed to simulate a range of physical
processes in firn (Stevens et al., 2020). The number of layers for a particular model run is fixed and determined by the
accumulation rate and time-step size. New snow accumulation at each time step is added as a new layer, and a layer is
removed from the bottom of the model domain. A layer-merging routine prevents the number of layers from becoming too
large. CFM-Cr and CFM-KM use the Crocus (Vionnet et al., 2012) and Kuipers Munneke et al. (2015) densification schemes,

115  respectively (Table 2). Both use the same meltwater percolation scheme: a dual-domain approach that closely follows the
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implementation of the SNOWPACK snow model (Wever et al., 2016). It accounts for the duality of water flow in firn by
simulating both slow matrix flow and fast, localised, preferential flow (Verjans et al., 2019). In the matrix flow domain,
water percolation is prescribed by the Richards Equation; ice layers are impermeable, and runoff is allowed. In contrast,
preferential flow can bypass such barriers and no runoff is simulated. Water is exchanged between both domains as a function
of the firn layer properties: density, temperature and grain size. As such, wherfvater in the matrix flow domain accumulates
above an ice layer, it is progressively depleted by runoff and by transfer of water into the preferential flow domain. In the
deepest firn layers, above the impermeable ice-sheet, water accumulates, and no runoff is prescribed, which allows for the

build-up of firn aquifers.

2.2. DTU model

The DTU firn model was developed to derive the Greenland ice sheet mass balance from the satellite observations of ice
sheet elevation change (Sgrensen et al., 2011) and to describe the firn stratigraphy and annual layers in the dry-snow zone
along the EGIG-line in central Greenland (Simonsen et al., 2013). The DTU model uses the densification scheme from
Arthern et al. (2010) and a bucket scheme for meltwater infiltration and retention. If meltwater is conveyed to a model layer,
the water is refrozen if sufficient pore space and cold content are available in the layer. Additional liquid water can be retained
in a layer by capillary forces calculated after Schneider and Jansson (2004). This formulation does not allow for the formation
of firn aquifers. Percolation continues until the water encounters a layer at ice density or the bottom of the model where, in
both cases, it is assumed to run off. The model follows a Lagrangian scheme of advection of layers down into the firn and

the model layering is defined by the time-stepping of the model.

2.3. DMIHH model

The DMIHH model was developed to provide firn subsurface details for the HIRHAM regional climate model experiments
(Langen et al., 2017). DMIHH employs 32 layers within which snow, ice and liquid water fractions can vary and where each
layer has a constant mass. Layer thicknesses increase with depth to increase resolution near the surface and give a full model
depth of 60 m water equivalent (w.e.). Mass added at the surface (e.g., snowfall) or removed as runoff causes the scheme to
advect mass downward or upward to ensure the constant w.e. layer thicknesses. In addition to the saturated and unsaturated
hydraulic conductivitiesQ(TabIe 2), the water flow through layers containing ice follows the analytical model of Colbeck
(1975) for a snowpack with discontinuous ice layers. A parameter describing the ratio between the characteristic distance
between two adjacent ice lenses and the characteristic width of an ice lens was set to 1, meaning that ice lenses have a
horizontal extent of half the unit area. A layer is considered impermeable if its bulk dry density exceeds 810 kg m-3. Runoff
is calculated from the water in excess of the irreducible saturation with a characteristic local runoff time-scale that increases
as the surface slope tends to zero (Zuo and Oerlemans, 1996), with the coefficients of the time-scale parameterization from

Lefebre et al. (2003). DMIHH has an initial value of 0.1 mm for the grair§tliameter of freshly fallen snow. The column grain
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size distribution is initialized in these experiments as columns taken at the specific sites from the spinup experiments

performed by Langen et al. (2017).

2.4. GEUSQ"ﬁodeI

The GEUS model is based on the DMIHH model (Langen et al., 2017) and is-further developed in Vandecrux et al. (2018,
2020). As in the DMIHH model, the layer’s ice content decreases its hydraulic conductivity according to Colbeck (1974) but
we set the geometry parameter to 0.1 as detailed in Vandecrux et al. (2018). At the end of a time step, water exceeding the
irreducible water content that could not be percolated downward is assumed to run off and is removed from the layer at a
rate that depends on the firn characteristics and on surface slope, according to Darcy’s law. More details about this runoff
scheme are provided in the Supplementary text S1.

2.5: IMAU-FDM

The IMAU-FDM model has been used in combination with the RACMO regional climate: model in Greenland, Arctic
Canadian ice caps, and Antarctica. Firn compaction follows a semi-empirical, temperature-based equation from Arthern
(2010). The compaction rate & tuned to observations from Greenland firn cores using an accumulation-based correction
factor (Kuipers Munneke et al., 2015). IMAU-FDM includes meltwater percolation following a tipping-bucket approach.
Percolating meltwater is refrozen if there is space available in the layer, and if the latent heat of refreezing can be released in
the layer. As opposed to other models in this study, runoff is not allowed over ice layers, but only when percolating meltwater
has reached the pore close-off depth. Upon reaching that depth, runoff is instantaneous. The rationale for allowing percolation
through thick icé?slabs is that IMAU-FDM is mainly used to simulate firn at scales of tens to hundreds of square kilometres,

and at these spatial scales, meltwater is assumed to always find a way through even the thickest of ice slabs.

2.6. MeyerHewitt model

Meyer and Hewitt (2017) present a continuum model for meltwater percolation in compacting snow and firn. The
QMeyerHewitt model includes heat conduction, meltwater percolation and refreezing, as well as mechanical compaction using
the empirical Herron and Langway (1980) model. In the MeyerHewitt model, water percolation is described using Darcy's
law, allowing for both partially and fully saturated pore space. Water is allowed to run off from the surface if the snow is
fully saturated. Using an enthalpy formulation for the problem, the MeyerHewitt model is discretized using the conservative
finite volume method that is fixed in the frame of the firn surface and is Eulerian, meaning that material can flow into and

out of?[he domain.
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Table 2: Model characteristics.

Hydraulic
. L . conductivity Firn Runoff Thermal
Model Discretization Meltwater routing (Saturated, densification calculation conductivity
unsaturated)
CEM<Cr Richards equation gggg)n.e etal. Vionnet et al.
and dual-domain van Genuchten (2012) Zuo and
Unlimited number of  preferential flow (1980) with Oerlemans Anderson
layers. Lagrangian scheme (Wever et al., fficients f Kuipers 1996 (1976)
CFM-KM 2016; Verjans et al. coethicients from Munneke et al ( )
. : Daanen and Nieber '
2019)9 (2015)9
(2009)
Dynamically
allocated, based on (S;(;ig?n etal. Immediate Schwander-et
DTU accumulation rates, Bucket scheme - X ’ runoff on top
. Simonsen et al. . €al. (1997)
timestep and depth (2013) of an ice layer@
range. Lagrangian
200 layers ) _ Darcy flow to
dynamically falbnne el adjacentcell ~ Calonne et al.
GEUS allocated, (2012), uaa . given surface  (2011)
@Darcy’s law Genuchten (1980) Vionnet et al. slope
Lagrangian with coefficient (2012)
from Hirashima et Zuo and
DMIHH 32 layers, Eulerian al. (2010) Oerlemans Yen (1981)
(1996)
. Kuipers Only at the®
IMAU-FDM Qaz;gulj_r: ?;?OI(;?I Bucket scheme - Munneke etal.  bottom of the ,agci%r)son
yers, L-agrang (2015) column
. Carman-Kozeny ~ ©%Herron and Meyer and
MeyerHewitt Eﬂ:ﬁi\;ﬁluégg’la ers Darcy’s law (Bear, 1972); Gray Langway ELj(r(;Zts:ZQwater Hewitt
' Y (1996) .. (1980) (2017)
Y
UppsalaUniBucket Bucket scheme
600 layers, max 0.1 _ . Only at the
m layer thickness. Deep percolation ;I'?;;g;)i;g et bottom of the (Sltggn;)et al"?
Lagrangian scheme; linear N column

UppsalaUniDeepPerc

distribution down to 6
m (Marchenko et al.
2017)
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2.7. UppsalaUniBucket and UppsalaUniDeepPerc models

UppsalaUniBucket and UppsalaUniDeepPerc have been developed for the Norwegian Arctic (Van Pelt et al. 2012; 2019;
Marchenko et al., 2017) and only differ in their representation of vertical water transport. UppsalaUniBucket simulates melt
water percolation according to the tipping-bucket scheme while UppsalaUniDeepPerc uses a deep percolation scheme which
mimics the effect of fast vertical transport due to preferential flow (Marchenko et al. 2017). The water transport model
incorporates irreducible water storage but does not allow for standing water to accumulate on top of the impermeable ice;
Qmstead all water that reaches the base of the firn column is set to runoff instantaneously. References for the parameterizations

used for gravitational settling, thermal conductivity, irreducible water storage and water percolation are given in Table 2.

3. Methods

3.1. Site selection and surface forcing

Differences between firn-model outputs and observations depend on both the model formulation, and the forcing data that
are given to the model (e.g., Ligtenberg et al., 2018); i.e. any bias in forcing data propagate into the model output. To make
sure we compare and evaluate the models independently of biases that may exist in forcing datasets that come from RCMs,

we use meteorological fields derived from five AWS at four sites.

These sites represent a broad range of climatic conditions on the Greenland ice sheet (Table 3, Figure 1) that produce a wide
variety of firn density and temperature profiles. For example, the cold and dry climate at Summit Station produces cold firn
with low compaction rates representative of the “dry snow” area as defined by Benson (1962). Dye-2, located in an area with
higher melt (Table 3),le representative of the “percolation area” (Benson, 1962) where meltwater generated at the surface
percolates into the firn and releases latent heat when refreezing into ice lenses. At the KAN_U site, lower accumulation rates
and increasing melt have led to the formation of thick ice slabs (Machguth et al., 2016; MacFerrin et al., 2019) that impede
meltwater percolation below 5 m. The Firn Aquifer (FA) site in Southeast Greenland has both high surface melt and high
accumulation rate, leading to the formation of a perennial body of liquid water at a depth of 12 m and below (Forster et al.,
2012; Kuipers Munneke et al. 2014).

We use data from GC-Net AWS at Dye-2 and Summit (Steffen et al., 1996), from the PROMICE station at KAN_U
(Ahlstrem, et al., 2008; Charalampidis, et al., 2015) and from IMAU, Utrecht University at the Firn Aquifer site (see
Supplementary Text S2 for station description). For Dye-2 in 2016 we use a AWS installed by the University of Calgary (see

Supplementary Text S2 for station description). Since this station was more recently installed than the GC-Net station, this
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ensures the best meteorological forcing for the models over that melting season, during which an extensive observational

dataset is available for model evaluation.

Data from each AWS were quality checked and obvious sensor malfunctions were discarded. No data were discarded at FA
and Dye-2_16. The resulting data gaps were filled using either nearby stations or HIRHAM5 data as in VVandecrux et al.
(2018). Downward longwave radiation is not monitored by the GC-Net stations (Dye-2 and Summit) and is taken entirely
from HIRHAMS output.

Meteorological fields from the AWS (temperature, wind speed, humidity, air pressure, incoming and outgoing shortwave
and longwave radiation, and snow surface height) are gap-filled with adjusted values from HIRHAMDS, following VVandecrux
et al. (2018), and used to calculate the surface energy balance, based on the model developed by van As et al. (2005) and
applied in Vandecrux et al. (2018). This surface energy and mass balance provides, at three-hourly resolution, the three
surface forcing fields that were used by all models: the surface “skin" temperature, the amount of meltwater generated at the
surface, and net snow accumulation (precipitation — sublimation + deposition). Only the MeyerHewitt model required minor
adaptation of these forcing fields (see Supplementary Text S1). Rain is not monitored at any site, so is not included in the
mass fluxes. Tilt of the radiation sensor was not corrected for at Dye-2 and Summit stations although this correction was
seen to increase the calculated melt by 35 mm w.e. yr? at Dye-2 (Vandecrux et al., 2020). The surface forcing data are
illustrated in Figure S3.
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Figure 1: Mar?of the four study sites.
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228:  Table 3: Information about the four sites and fiv, 6nodel runs considered in the comparison including mean annual accumulation (b), mean
229 annual air temperature (T,) and measured average o%ep firn temperature (T geep)-
230
Station Elevation Start End b (mm il Surface Tgeep(°C) Initial firn density
name (ma.s.l.) date date w.e.) (°C) slope (°)
KAN_U 1840 01-05- 31-12- 543 -12 0.5 -9@5m Top 10 m: core 1 2012
2012 2016 (Machguth et al. 2016)
From 10 to 60 m: Site J, 1989
(Kameda et al. 1995)
Dye- 2165 01-06- 02-05- 476 -16 0.2 -15.5 @10 Dye-2 1998 core B (Mosley-
2_long 1998 2015 m Thompson et al. 2001)
Dye-2_16 2165 02-05- 28-10- 476 -16 0.2 -13@9m Top 18 m: Core_10_2016 (B.
2016 2016 Vandecrux et al. 2018)
From 10 to 60 m: Dye-2 1998
core B (Mosley-Thompson, et
al., 2001)
Summit 3254 02-07- 08-03- 159 -26 0 _31@10$99 Ql'op 8m: core from 1990 by
2000 2015 Mayewski & Whitlow., (2016)
From 8 to 60 m: GRIP core
Firn 1563 12-04- OZ_lZ_Q 1739 -7 0.6 0@25m Top 8 m: FA-14 (Montgomery
Aquifer 2014 2014 etal., 2018)
(FA) From 8 to 60 m: FA-13 (Koenig
et al. 2014)
231
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3.2. Boundary conditions

To allow fair comparison of the various firn models, as many boundary conditions as possible were specified in common for
all models. A key parameter in firn models is the density of fresh snow added at the top of the model column. Here, all
models used the value of 315 kg m= from Fausto et al. (2018) which is derived from a compilation of 200 top 10 cm snow
density observations from the Greenland ice sheet. The local surface slope and deep firn temperature, were prescribed
according to Table 3. Initial profiles for density, temperature and liquid water content (only at FA) were provided to all
models and illustrated in Supplementary Figure S4. The references for the initial density profiles are given in Table 3. Initial
temperature profiles were calculated using the first reading of air temperature (as first guess of surface temperature), the first
valid measurement of firn temperature, and the deep firn temperature (Table 3). The deep firn temperature was calculated as
the long-term mean at the deepest firn temperature measurement available. Initial liquid water content at FA is calculated

according to the observations from Koenig et al. (2014) which indicate pore saturation below 12.2 m depth.

3.3. Intercomparison and evaluation of model output

Participating models provided simulated firn density, temperature and liquid water content in 3 h time steps, interpolated to
a common 10 cm grid from the surface to 20 m depth. Additionally, three-hourly vertically integrated refreezing and runoff

were calculated by each model.

Three types of datasets are available at our sites for model evaluation: i) firn-temperature observations from AWS as
presented by Vandecrux et al. (2020) at Summit and Dye-2, Heilig et al. (2018) at Dye-2 in 2016 , Charalampidis et al. (2015)
at KAN_U and Koenig et al. (2014) at the FA station; ii) firn density profiles (Table 4); and iii) observations of meltwater
infiltration depth at Dye-2 over the summer 2016 (Heilig et al., 2018).

Table 4. Firn cores used for model evaluation

Date Reference
05-03-2001 Dibb and Fahnestock (2004)
29-05-2015 Vandecrux et al. (2018)
01-06-2011 Forster et al. (2014)
Dye-2 05-05-2013 Machguth et al. (2016)
21-05-2015 Vandecrux et al. (2018)
01-05-2012
27-04-2013
KAN_ U 05-05-2015
28-04-2016 MacFerrin et al. (2019)
28-04-2017

Summit

Machguth et al. (2016)
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Fo¥irn density, we first compare thé®imulated density profiles to the firn core data at each site. We also calculate for each
time step the average firn density over the 0-1 m, 1-10 m and 10-20 m depth ranges and discuss the standard deviation of
these values among models and their deviation from firn core observations. For firn temperature, we compare hourly
observations of firn temperature to interpolated temperature from the closest model layers and use the Mean Error (ME),
Root Mean Squared Error (RMSE) and coefficient of determination (R?) to quantify the performance of the models with

respect to the observations.

4. Results

In the following, we present comparisons of firn model outputs and model deviations from observations for firn temperature,
density, and liquid water content at the sites representing different firn and meltwater regimes: dry firn (Summit), the

percolation zone (Dye-2), ice slabs (KAN_U), and a firn aquifer (FA site).©

4.1. Dry firn site: Summit

First, we evaluate the performance of the firn models at Summit, where almost no surface melt occurs, and percolation and
refreezing play a negligible role. Results for this site allow us to assess firn densification and thermal advection-diffusion
processes simulated by each model without the complications of density and temperature change by refreezing of percolating
meltwater.

At Summit, density evolves in a similar manner across all models: low density snow is deposited at the surface and is advected
to greater depth (Figure 2a). All models except DMIHH and MeyerHewitt preserve the layering of the initial density profiles
as it gets advected and generate layered firn at the surface from the forcing there. The temporal evolution of the average
density for the 0-1 m depth range follows similar seasonality and slight increasing trend (Figure 3a). Over the 1-10 m and
10-20 m depth (Figure 3b,c), most models produce increasing firn density apart from IMAU-FDM in which the firn density
slightly decreases. All models agree relatively well onéhe average density independent of the depth range, with a maximum
standard deviation among models of 15 kg m for the top 1 m average density (of 336 kg m), 27 kg m= for the 1-10 m
range (420 kg m=on average) and 23 kg m'gr'or the 10-20 m range (542 kg m- on average) during the 15 year long simulation
period (Figure 3). In comparison with a 1 m density profile from 2001 and a firn core from 2015, most models reproduce
vertical variability in firn density within observation uncertainties (Figure 3de). The evaluation of the density profile reveals
that IMAU-FDM underestimates firn density between 5 and 15 m depth.

Regarding firn temperature, in most models, seasonal skigtemperature fluctuations drive firn temperature variability in the
top few metres of the column. However, seasonal temperature fluctuations propagate much deeper in the DTU model while
it is almost not visible in MeyerHewitt model (Figure 2b). This results in much lower R when comparing these two models

to firn temperature observation: 0.41 and 0.28 for DTU and MeyerHewitt respectively. This results from the numerical

2
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strategy and/or thermal diffusivity used in these models. Models that have explicit formulation for deep meltwater infiltration
(CEM-Cr, CFM-KM and UppsalaUniDeepPerc) have positive ME 0.6 to 0.7 °C. This is due to the simulation of short-lived
deep percolation events that infiltrates the minor melt from the surface down to 5 m, and to the subsequent refreezing and
latent heat release. DMIHH, GEUS, IMAU-FDM and UppsalaUniBucket provide the lowest ME compared to firn
temperature observations (Figure 2c). Yet, it should be noted that IMAU-FDM calculates adequate heat diffusion while
underestimating the firn density (Figure 3e). Either the firn density underestimation in IMAU-FDM is not sufficient to induce
a noticeable change in thermal conductivity or the thermal conductivity and/or numerical scheme used by IMAU-FDM

compensates for the underestimated density and result in adequate simulated firn temperature.


Text Replaced�
Text
[Old]: "is the model that propagates 305 temperature fluctuations the deepest. UppsalaUniDeepPerc also allows the small amount of surface meltwater to percolate" 
[New]: "285 strategy and/or thermal diffusivity used in these models. Models that have explicit formulation for deep meltwater infiltration (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) have positive ME 0.6 to 0.7 o C. This is due to the simulation of short-lived deep percolation events that infiltrates the minor melt from the surface down to 5 m, and"

Text Replaced�
Text
[Old]: "depth where it refreezes and releases latent heat. The DMI, GEUS, IMAU-FDM, UppsalaUniBucket are very similar. The CFM models propagate heat slightly deeper than the previous models, but not as much as UppsalaUniDeepPerc. 310 Figure 6: Deviation of simulated firn temperature from observations at the four study sites. At Dye-2, the simulated firn temperatures are more model-dependent and their spread can be evaluated both on the long term with the 1998-2015 simulation as well as over the 2016 melting season with greater accuracy in the surface forcing (Figure 5). The spread in temperature can mainly be explained by the various meltwater routing schemes and will be discussed further 315 in the next section." 
[New]: "the subsequent refreezing and latent heat release. DMIHH, GEUS, IMAU-FDM and UppsalaUniBucket provide the lowest ME compared to firn temperature observations (Figure 2c). Yet, it should be noted that IMAU-FDM calculates adequate heat diffusion while 290 underestimating the firn density (Figure 3e). Either the firn density underestimation in IMAU-FDM is not sufficient to induce a noticeable change in thermal conductivity or the thermal conductivity and/or numerical scheme used by IMAU-FDM compensates for the underestimated density and result in adequate simulated"

Text Replaced�
Text
[Old]: "16" 
[New]: "3"

Text Replaced�
Text
[Old]: "The ability of the firn models to simulate realistic" 
[New]: "firn temperature."


Firn density (kg m')
400 500 600 700 800 900

Firn temperature (deg °C)
-40 -30 -20 -10

IAAARARRARARAART R AR AR RARARARAAA ]HHHH\‘HH
CFM-Cr CFM-KM DTU
ERRRRRRANRRRRNN] TOORRRRRRANRNR N TRORARATAAR Y
DMIHH GEUS IMAUFDM
RRIRRARASA A0 "H“UU“‘H
5
10
15
2005 2010 2015 2005 2010 2015 2005 2010 20 2005 2010 2015 2005 2010 2015 2005 2010 201¢
Year 2 Year
Modelled - observed firn temperature (°C)
-15 10 5 0 5 10 15
| |
X |
c) s
10 ME = 0.7 °C ME = 0.6°C ME = -0.01 °C
RMSE=1.0"C RMSE=1.1"C RMSE=20°C
15 R =063 R’ = 065 R* = 0.41
30 CFM-Cr CFM-KM DTU
0
5
E10 ME =0.1°C ME =0.1°C ME = 0,06 °C
> RMSE=08°C RMSE=09°C RMSE=09°C
£ R =065 R? =061 R = 0.63
O DMIHH GEUS IMAUFDM
o — "
0
5
10 ME=02°C ME = 0,02 °C ME =06°'C
RMSE=07°C RMSE = 06°C RMSE=09°C
5 R’ =028 R =066 RY =067
20 MeyerHewitt UppsalaUniBucket UppsalaUniDeepPerc
2005 2010 2015 2005 2010 2005 2010 2015
Year

295

(c) at Summit.

R

Figure 2: Simulated firn density (a), temperature (b) and deviation between simulated@nd observed firn temperature
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Figure 3: Modelled (coloured lines) and observed (black dots with 40 kg m-3 uncertainty bars) average firn density
for the top 1 m (a), for the 1-10 m depth range (b) and 10-20 depth range (c) at Summit. Comparison of simulated
and observed firn density in firn cores (d-f).

4.2. Percolation site: Dye-2

At Dye-2 surface melt occurs every summer. Consequently, refreezing of percolating meltwater has a significant effect on
simulated density and temperature. The investigated models span a large spectrum of meltwater infiltration strategies (Table
2), leading to greater differences between models in firn density, temperature ar@'&quid water content (Figure 4). Simulated
meltwater percolation depth varies greatly among the models (Figure 4c). At one end of the spectrum, the DTU model only
allows meltwater in the top model layer; an ice layer is built right at the start of the simulation and water is not able to
penetrate ice layers in this model. At the other end, CFM-Cr and CFM-KM, which do allow meltwater to pass through ice
layers and explicitly account for fast ‘preferential flow’, simulate percolation down to 10 m depth. In between these end-
member models, UppsalaUniDeepPerc simulates percolation, up to ~5 m depth. IMAUFDM, UppsalaUniBucket, DMIHH
and GEUS models give similar results and percolate water down to 1-3 m.
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These differences in meltwater infiltration, when accumulated over a 17-years-long run, lead to large differences in firn
density and temperature evolution across models (Figure 4). Models that include deep water infiltration (CFM-Cr, CFM-KM
and UppsalaUniDeepPerc) build up a thick high-density layer at 3-10 m depth. In contrast, DTU, GEUS, IMAUFDM and
UppsalaUniBucket simulate thinner, high-density, layers that form each summer at the surface and are buried in the following
months and years. These sharp contrasts between low- and high-density layers are diluted in the Eulerian DMIHH and
MeyerHewitt models. The long term simulated firn temperature evolution at Dye-2 (Figure 4b) and therefore the comparison
of simulated temperatures to observations (Figure 4d) responds closely to the simulated meltwater infiltration each summer
(Figure 4c). Models that include explicitly deep percolation (CFM-Cr, CFM-KTr, UppsalaUniDeep) also presentéhe greatest
firn warming at depth, due to refreezing and latent heat release (Figure 4b), and consequently have a positive ME ranging
from 3.6 °C to 6.2 °C (Figure 4d). The DTU model does not percolate meltwater deep into the firn (Figure 4c) and
consequently firn temperature evolves only due to heat diffusion, which leads to a cold bias (ME = -1.6 °C, Figure 4d). The
remaining models (DMIHH, GEUS, IMAU-FDM, UppsalaUniBucket and MeyerHewitt) simulate similar inter-annual

variability in meltwater infiltration and similar performance in firn temperature with a ME < + 1 °C and R?> 0.5.

The impact of these different infiltration patterns on the long term evolution of the average firn density and how simulated
firn density compares to observation are presented in Figure 5. The standard deviation (model spread) of density reaches 161
kg m2in the top meter of firn and 141 kg m for the 1-10 m layer (Figure 5). Lower deviation (29 kg m-3) between 10-20 m
stems from the limited time span of the simulation that does not allow the advection of the portion of firn where models
disagree below 10 m depth (Figure 4 and 5).
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345  The use of a more recent AWS to derive the climate forcing at Dye-2 in the summer of 2016 allows to assess the firn models
and their infiltration schemes in the best conditions. Over a single melt season, the meltwater infiltration and refreezing does
not produce drastic changes in the simulated density profiles (Figure 6a). Yet, the meltwater is distributed at different depths
and with different timing depending on the model (Figure 6c). The dual-domain approach of CFM-Cr and CFM-KM is visible
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with higher liquid water content close to the surface, corresponding to the matrix flow, and low water content infiltrating down
to 10 m depth in the heterogenous percolation domain. UppsalaUniDeep, which also includes deep percolation, infiltrates
water down to 5 m, deeper than the models using a parametrization of Darcy’s law (DMIHH, GEUS models) and bucket
scheme (IMAU-FDM, UppsalaUniBucket models) which do not show liquid water below ~2 m depth (Figure 6c). As a result
of these differences in meltwater infiltration, the location of the meltwater refreezing, of the latent heat release and
consequently of the firn temperature differs from model to model (Figure 6b). The deep percolation models (CFM-Cr, CFM-
KM and UppsalaUniDeep) have a marked positive bias (ME>2.6 °C). The DTU model, which does not infiltrate water below
the first few layers show a cold bias in the top part 5 m of the firn, where all the other models simulated meltwater infiltration.
All the other models simulate colder conditions than observed with ME ranging from -2.5 °C in UppsalaUniBucket to -1.6 °C
in the GEUS model.

UpGPR observations (Figure 7) show that the meltwater did not reach below 2.5 m depth during the 2016 melt season. The
melt was concentrated around three periods of increasing intensity between May and June and a period when meltwater was
continuously present in the firn between 20 July and 25 September. Compared to the upGPR, the CFM-CR and CFM-KM
models substantially overestimate percolation depth (Figure 7a, red and blue lines), suggesting that,dn the current
configuration, these models exaggerate the effects of preferential flow, at least at this location. The DTU model does not
simulate any percolation, and the MeyerHewitt model simulates the presence of meltwater in short-lived, episodic pulses
rather than the continuous presence of meltwater that the upGPR observed. The other models simulate a percolation depth

and temporal behaviour closer to the upGPR observations.
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Figure 7: Comparison of the simulated (coloured lines) and upGPR-derived (black line) meltwater percolation depth
at Dye-2 over the 2016 melting season. All three plots show the same period of melt-season evolution, with results
grouped by models for clarity.
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4.3. Ice-slab formation: KAN_U

At KAN-U, surface melt is more intense than at Dye-2. As a result, refreezing of infiltrated meltwater forms ice slabs that
can be tens of centimetres to several metres thick. This site is therefore an interesting test for the firn models to see how they
handle the presence of an ice-slab, and the effects of ice slabs on the vertical profiles of temperature and liquid water. Note
that the firn models are initialized in spring 2012 with a pre-existing ice slab, which means that we do not assess the model

capacity to form an ice slab: we only assess the effect of the ice slab on the evolution of the firn column.

The evolution of the density profile at KAN_U strongly depends on whether the model allows percolation past the ice slab
(Figure 8a and 8c). The DMIHH model does not allow such percolation at all, and thus refreezing-related densification only
occurs on top of the ice slab. As a consequence of no latent heat release below the ice slab in these models, the DMIHH
model exhibits colder temperatures than observed (Figure 8b, 8c). Another group of models (CFM-Cr, CFM-KM,
IMAUFDM, UppsalaUniBucket and UppsalaUniDeepPerc) do allow for percolation of meltwater through the ice slab, to
depths of 10-15 m. As a result, the small amount of available pore space within the ice slab is used for refreezing and
progressively filled (Figure 8a). Nevertheless, the sealing of the ice slab in these models does not prevent the meltwater from
percolating through, and meltwater refreezing continues to occur at depth and to densify the firn there. These models
overestimate deep firn temperatures compared to observations at KAN_U, presumably as a result of excess refreezing. In the
MeyerHewitt and DMIHH models, the initial ice layers are gradually smoothed over time (Figure 9d-h). We relate this
behavior to their Eulerian framework that implies frequent averaging of firn density and temperature when mass is added or
removed from the model column. Still, they keep higher density between 5 and 10 m depth where the ice slab is. The model
spread in top 1 m average density is minimal in the spring and increases in the summer (Figure 9a). The simulated average
densities for 0-1, 1-10 and 10-20 m depth ranges compare well with punctual observations (Figure 9abc) but deviation
between simulated and observed density profiles increase with time (Figure 9d-h). Comparison of the simulated firn
temperature to hourly observations confirms that models including deep percolation (CFM-Cr, CFM-KM and
UppsalaUniDeep) and bucket schemes (IMAUFDM and UppsalaUniBucket) infiltrate too much water at depth, resulting in
a positive bias in temperature and a ME ranging from 1.8 to 4.6 °C. DTU and MeyerHewitt models do not show any meltwater
infiltration or latent heat release at depth (Figure 8b, 8c). Consequently, they show lower firn temperature than observed with
ME of -5.3 and -3.6 °C respectively. The GEUS model uses a low, but not null, permeability to ice layers and thus simulates
reduced infiltration through the ice slab (Figure 8c) which leads, after this water refreezes, to firn temperatures closest to
observations (ME = 0.6 °C).
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4.4. Firn aquifers: FA site

At the firn aquifer site, both melting and snowfall are high, leading to perennial storage of liquid water within the firn pack.
In term&bf firn density, vertical gradients are similar among models but both the MayerHewitt and DMIHH models simulate
smoother profiles (Figure 10a). This is likely due to their use of an Eulerian framework, as also seen in the results for KAN-

U. Temporal evolution in density is also similar among models given the short span of the simulation. The DTU model
13
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simulates slightly denser firn in the top few metres of the column as a result of refreezing (Figure 10a). Models which account
for preferential flow in firn (both CFM models and UppsalaUniDeep) simulate meltwater infiltration to the aquifer, although
with a slight difference in timing (Figure 10b, 10c). Unfortunately, the firn temperature observations do not allow us to
ascertain how much water was transferred to the aquifer, but only that the whole firn column was at 0 °C from mid-August
to late September 2014, when cold surface temperature started to diffuse into the firn. These three deep percolation models
overestimate shallow firn temperature in summer, and underestimate shallow firn temperature in winter, when compared to
observations (Figure 10d). The DTU model simulates fast meltwater infiltration through the top 12 m and thus simulates a
firn column entirely at 0 °C (Figure 10b), in accordance with firn temperature observations (Figure 10d), but this meltwater
runs off shortly after it percolates (Figure 10c)§The other models simulate a firn column that is slightly too cold with ME
between -0.1 and -0.6 °C. As a result of the prescribed liquid water at depth in the initial conditions, deep firn temperature
remains at melting point year-round in all models (Figure 10b), with liquid water at depth in all models except DTU (Figure
10c).
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Figure 10: Simulated firn density (a), temperature (b), water content (c) and deviation between simulated and observed
firn temperature (d) at FA.
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5. Discussion

The variability in simulated firn density, temperature, and water content among the models, and the deviation between
simulations and observations (Section 4) can be explained by the various ways physical processes are accounted for in the
models. In this section we detail what can be learned from the comparison and we explore current knowledge gaps and
potential improvements for firn models.

5.1. Dry firn and heat transfer

At Summit, comparisons with observations suggest that with appropriate forcing,Q[he various densification formulations
perform similarly and within observational uncertainty. The ability of firn models in the dry snow area to reproduce measured
density profiles has been established from previous comparisons (Steger et al., 2017; Alexander et al., 2019), and can be
attributed to the fact that most densification schemes are calibrated against firn density profiles from dry snow areas. The
simulated densities at Summit show that densification schemes provide similar outputs, despite modelled temperatures
spanning a wide range. Still, the ability of firn densification models to simulate firn changes in a transient climate is less
certain (Lundin et al., 2017), and should remain a priority for future study. We also note that densifications schemes
developed for dry firn are applied to wet-firn zones, and further research is needed to determine the validity of this

assumption.

Models exhibit small but clearly discernible differences in firn temperature at Summit (Figure 2b). In our model experiments,
downward advection due to accumulation was identical for all models, suggesting that this spread must be caused by the
parameterization of thermal conductivity and/or the models’ differing numerical schemes. Also, a suite of models exhibits
colder temperatures compared with observations at Summit (DTU, DMIHH, GEUS, IMAUFDM, UppsalaUniBucket). We
interpret this as an indication that heat transfer through the firn is still not accurately handled in most firn models. The
heterogeneous nature of the firn, the presence of vertical ice features in the firn, the variability in surface snow density/thermal
conductivity as well as firn ventilation are processes that are over-simplified or absent in the models and should be the subject
of future research. Errors due to inaccurate estimates of thermal conductivity affect firn temperature, densification rates, and
meltwater refreezing potential. We recommend that further work investigates potential improvements of the parameterization
of thermal conductivity, either using recent studies (e.g., Calonne et al., 2019, Marchenko et al., 2019) or model calibration
to observed firn temperature at dry firn locations. Other causes of model-data mismatch could be that certain processes (e.g.
radiation penetration, Kuipers Munneke et al., 2009) are not provided to the models, and that uncertainty in the forcing data

derived from AWS observations will propagate into the model simulations.
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5.2. Meltwater percolation and refreezing

Many observational studies have demonstrated that there are two pathways for meltwater to infiltrate into the firn, namely
by homogeneous wetting front, also called matrix flow, and by preferential flow through vertically extended channels (e.g.
Marsh and Woo, 1984, Pfeffer and Humphrey, 1996). Some of the nine participating firn models do include both percolation
regimes, and others do not. The lack of preferential flow routines has recently been described as a limitation of firn models
(e.g. van As et al., 2016). Yet, little is known about how often this phenomenon occurs in the firn, how deep meltwater is
transported, and which process triggers preferential flow. Here, the models that explicitly include deep percolation (CFM-
Cr, CFM-KM and UppsalaDeepPerc) overestimate percolation depth and firn temperature at Summit, even though surface
meltwater production at Summit is minimal. In their current configurations, the deep percolation schemes seem less adapted
for areas with minor melt. Our results suggest that until the physics of preferential flow in firn are better understood, these
more-complex models do not necessarily provide better results than simple bucket schemes. We recommend targeted field
campaigns and lab studies to better understand preferential flow, and using those to constrain under which firn conditions
and meltwater input deep percolation occurs. These steps are necessary to develop accurate deep-percolation schemes in firn

models.

On the other hand, models that keep meltwater close to the surface - because they do not include any form of deep percolation
- exhibit temperatures that are too cold compared with the observations at most sites (DTU, DMIHH, GEUS, IMAUFDM,
UppsalaUniBucket). The cold bias could be due partly to an underestimation of thermal conductivity (section 5.1), but also
due to insufficient meltwater percolation. The model evaluation at Dye-2 in 2016 indicates a reasonable percolation depth
for all these models except DTU. It is conceivable that these models do simulate a reasonable percolation depth, but that the
volume of percolating and refreezing meltwater is underestimated. Firn temperature observations and upGPR measurements
can detect the presence of liquid water, but currently, no technique allows the vertically resolved measurement of water
content. The models that use Darcy’s law (CFM-Cr, CFM-KM, DMIHH, GEUS, MeyerHewitt) use different formulations
for the firn permeability (Table 2) which also contribute to differences in meltwater percolation and refreezing results. Firn
permeability can be related to grain size and firn density (Calonne et al., 2012). However, firn grain size and permeability
observations are scarce, and these variables remain totally unconstrained in current models. Future model evaluation should
include the existing data where available (e.g. Albert and Shultz, 2002) and more field observations of these grain-scale

characteristics should be collected.

5.3. Ice slabs

The formation of ice slabs is a complex interplay between accumulation, densification, meltwater percolation, and refreezing
(Machguth et al., 2016). Simulation of ice slabs by a firn model is therefore highly challenging, and success or failure to

reproduce ice slabs depends on a number of processes that are closely linked and difficult to disentangle. Models that include
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deep percolation (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) grow an ice layer of several metres thickness close to the
surface at Dye-2, where no such ice slabs are observed. This model behaviour can be explained by the simulation of water
percolation bypassing ice layers and thus refreezing in cold underlying firn. At KAN_U, where ice slabs do exist, the DMIHH
and GEUS models predict firn temperatures closest to the observations(lowest RMSE and highest R? for the DMIHH, lowest
ME for GEUS) when compared to observations (Figure 8d). The performance of DMIHH at KAN_U can be explained by
the absence of meltwater infiltration below the ice slab (Figure 8c) which agrees with recent field evidence of the ice slabs’
impermeability (MacFerrin et al., 2019). In DMIHH, the blocking of percolation originates from a simple permeability
criterion: if a layer’s density is higher than 810 kg m, then the layer is impermeable, and any incoming meltwater is sent to
runoff. The choice of this value was based on work in Antarctica which found that firn permeability reaches zero over a
range of densities centred on 810 kg m (Gregory et al., 2014). Unfortunately, such studies remain scarce in Greenland and
results do not provide a definite constraint on permeability (e.g. Albert and Schulz, 2002; Sommers et al., 2017). The DTU
model uses a similar threshold density to characterize a layer’s impermeability but found that 917 kg m gave the best match
with observed firn density profiles (Simonsen et al., 2013). On the contrary, the IMAU-FDM model assumes that, at the
horizontal resolution on which it usually operates (1-25 km?), ice layers can be assumed to be discontinuous and are therefore
never impermeable. We note that the ice slab has a low, but not null, permeability as illustrated by rarely observed meltwater
refreezing events within the ice slab (Charalampidis et al., 2016). Unfortunately, few observations are available to evaluate
the effective permeability of ice slabs, both at local and regional scales and either confirm or contradict some of the
assumptions made by the models. We recommend further investigation of the permeability of ice-dominated firn in relation

to the firn density, the ice layer thickness and the various spatial and temporal scales at which the firn models are used.

Two models with a bucket-type percolation scheme, IMAUFDM and UppsalaUniBucket both use irreducible water content
established by Coléou and Lesaffre (1998) from laboratory measurements. They consequently present similar percolation
depths at KAN_U and Dye-2 (Figure 5 and 8). IMAUFDM and UppsalaUniBucket slightly underestimate percolation depth
at Dye-2 in 2016 (Figure 6). This could indicate that the parametrization from Coléou and Lesaffre (1998), in combination
with these firn models, overestimates irreducible water content, as suggested by Verjans et al. (2019). The current irreducible
water content formulation could be complemented by observations in natural firn or adapted to the specific needs of bucket-
scheme models. On one hand, meltwater routing in bucket-scheme models compare favourably to observations and to the
DMIHH and GEUS models, which include more advanced meltwater routing schemes (Figure 6). On the other hand, the two
bucket-scheme models both overestimate percolation in the presence of an ice slab, like at KAN_U: this is evident from a
warm bias there, relative to the observations and to models that inhibit deep meltwater infiltration (Figure 8). Indeed, it was
already established that they can overestimate percolation depth, and that more advanced routing schemes show slightly
better performance in simulating meltwater runoff from alpine snowpacks (Wever et al. 2014). We therefore conclude that
bucket schemes perform relatively well in the absence of ice slabs, but that accuracy in percolation depth could benefit from

an improved repres?&%%@)%ﬁo?\ﬁmpeding ice layers and from a slightly lower irreducible water content.
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Finally, we make a note on discretization strategies of firn models. In Lagrangian models, the numerical grid follows the firn
as layers get buried under accumulating snow. In Eulerian models the firn is being transferred through a fixed numerical
grid. The Eulerian models, DMIHH and MeyerHewitt, sm@&%%%?%%nsity profile, reducing and dissipating contrasts in
firn density (Figures 2, 4 and 8). This smoothing is not prevented by increased vertical resolution since MeyerHewitt has 18
times more layers than DMIHH. At KAN_U, these two models gradually lose the contrast between the layers that compose
the ice slat§and the firn below (Figure 8). Therefore, Eulerian models tend to represent ice slabs in terms of a depth range
with increased density, rather than marked layers of ice. This limitation of Eulerian models does not prevent the DMIHH

S

5] nvater infiltration at Dye-2 (Figure 6).
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model from simulating adequately firn temperature at KAN_L! (Fio:

)

5.4. Firn aquifers

Like ice slabs, firn aquifers form in locations with a complex combination of accumulation, surface melt, percolation, and
refreezing (Forster et al., 2014; Kuipers Munneke et al., 2014). Both the thermodynamic and the hydrological components

of a firn model play an important role in its capacity to simulate firn aquifers.

As a general observation, aquifers are poorly represented in the firn models considered in this intercomparison, which poses
the question of the suitability of the models to simulate aquifers in Greenland. For example, horizontal water flow at depth
plays a crucial role inhe evolution of firn aquifers (Miller et al., 2018). However, the nine models investigated here, and to
our knowledge all firn models currently used to evaluate surface mass balance on the Greenland ice sheet, are one-
dimensional. As such, lateral water movement in these models is governed by poorly constrained parameterizations, which
are unlikely to accurately represent horizontal flow. Also, IMAUFDM and UppsalaUniBucket do not allow for the presence
of water beyond the irreducible water content: after the initialization of these models, all the excess water within the aquifer
is discarded as runoff instantaneously. As a result, these models are incapable of modelling actual aquifers (defined as
saturated firn). Still, the regional climate model RACMO?2, which includes IMAUFDM, has been used previously to map
aquifers over the entire ice sheet (Forster et al., 2015). Areas where the model showed residual subsurface water (within the
irreducible water content) remaining in spring was assumed to represent areas where firn aquifers might be present. Although
this approach succeeded at mapping the current firn aquifer areas, the difference between what is tracked in the m@?@)%i
what actually happens at firn aquifer puts doubt on the current capacity of firn models to predict firn aquifer evolution in
future climate. Other models show an intermediate type of behaviour: the DMIHH model runs off excess water according to
the parametrization by??%?sg‘é)erlemans (1996). This leads to the gradual decrease of water content within the aquifer.
The GEUS model incorporates a Darcy-like parametrization of the subsurface runoff, which results in faster drainage of the
aquifer than the Zuo-Oerlemans parameterization. However, observations showed that excess water in the aquifer does not

run off immediately but flows laterally and can remain in the aquifer for several decades (Miller et al., 2019).
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Another challenging question for understanding and modelling of firn aquifers is: Where and when does the meltwater
generated at the surface percolate down to the aquifer? Firn-temperature observations show that the top 20 m of firn remained
at melting point during the 2014 melt season. This indicates that meltwater from the surface reached the aquifer. The firn
models do not conclusively answer how and where deep percolation to the firn aquifer takes place. Given the same surface
forcing and initial firn conditions, only the models with explicit deep-percolation schemes (CFM-Cr, CFM-KM and
UppsalaUniDeepPerc) simulate water below 10 m depth. A simple interpretation from this result could be that the recharge
of the firn aquifer has to be through heterogeneous percolation because it is the only way firn models can mimic observations.
However, such a systematic infiltration through vertical channels should leave visible traces in the form of ice columns
(Marsh and Woo, 1984) or show repeatedly in firn temperature observations when meltwater infiltrates into cold firn in
spring (Pfeffer and Humphrey, 1996; Charalampidis et al,2016). Future field investigation should ascertain whether piping
is indeed the only process infiltrating water to the aquifer. Another interpretation could be that models using a bucket scheme
(DTU, IMAUFDM and UppsalaUniBucket) or Darcy’s law (DMIHH, GEUS and MeyerHewitt) do not infiltrate water deep
enough because of inappropriate irreducible water content or firn permeability for the firn aquifer site. The FA results
reinforce our earlier suggestions that models need constraints on firn permeability, irreducible water content and occurrence
of heterogeneous percolation. One last possibility could also be the misrepresentation of surface conditions: the melt
calculated at the surface is subject to the biases and the uncertainties that apply to the so-called “bulk approach” used here in
the energy budget calculation (Box and Steffen, 2001; Fausto et al., 2016). Although it was ensured that the calculated skin
surface temperature agreed with observations available at KAN_U and FA, no direct observation of melt is available at our
sites. Furthermore, the horizontal mobility of the meltwater, especially at high-melt sites such as FA, could lead to the
injection at the surface of more meltwater than what is being melted. Therefore, more work is needed to quantify liquid water

input at the top of the model in the firn aquifer region.

6. Towards ensemble-based uncertainty estimates for firn model outputs

Given the complexity of the firn models, it is difficult to propagate uncertainty and account for model assumptions&nd
parameterisations. As a consequence, firn model outputs have commonly been given without uncertainty range which
prevents assessing the robustness of model-based inferences. Taking inspiration fromn previous ensemble-based modelling
approaches (e.g. Nowicki et al., 2016), we provide a multi-model estimation of the uncertainty that applies to any simulated
value of firn temperature and density, and more importantly, to the simulated values of meltwater retention (through
refreezing) and runoff.

6.1. Firn temperature and density uncertainty

We see from Figure 2 to 7 that the spread among models increases as we move from the dry snow area to the percolation
area, peaking in areas with high-melt features such as ice slabs and firn aquifers. We suggest that the model spread presented
here can provide a baseline for uncertainty whenever a single model is used. At Summit, representative of the dry snow area,

modelled average density in the top metre of firn have a standard deviation of 13 kg m. Hence, a two-standard deviation
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(#20) uncertainty envelope of +26 kg m=, or +8%, can be used to describe the modelling uncertainty. At Dye-2,
representative of the percolation area, the top 1 m average density simulated by the models have a maximum standard
deviation of 145 kg m during the 15 year-long simulation. This indicates that a substantial level of uncertainty, +280 kg m-
8, or £75%, applies to the modelled average density for the top metre. Similar uncertainty (£77%) applies to the modelled
top 1 m average density at KAN_U. As for density, the models’ spread in simulated firn temperature can be investigated by
calculating the maximum standard deviation of firn temperature at 5 m depth among models. At Summit the £2¢ uncertainty
envelope on simulated 5 m firn temperature is £4°C. This model uncertainty envelope is wider at Dye-2, +14°C because of
the different meltwater infiltration depths simulated by the models. At KAN_U, the uncertainty in 5 m temperature, within
the ice slab is £10°C. The uncertainty range increases closer to the surface and at sites or depths where meltwater infiltration
may be captured differently by the models. The level of uncertainty, both for density and temperature, increases when
narrowing the depth range over which averages are calculated, and conversely. This result indicates that firn models are still
very variable when considering a specific depth but agree better when looking at the average firn property over a larger depth
range. The uncertainty ranges provided here represent the largest deviation seen among models at each site and are therefore
conservative. They can nevertheless be used as a metric for uncertainty in the absence of observational constraints or when

using a single model.

6.2. Mass balance

The differences among simulated firn density, temperature, and liquid water distribution can cause them to retain and run off
different amounts of meltwater and therefore affect the surface mass balance. All the models agree that all meltwater is
retained at Summit. At Dye-2 and KAN_U, the inter-model average and +2¢ values can be used as a multi-model estimation

of the meltwater retention, runoff and of the uncertainty on these estimates.

At Dye-2, the DTU model produces unrealistic runoff values (Figure 11c) because of the impermeability of thin ice layers
blocking downward percolation and enhancing runoff. We therefore do not consider this model in our multi-model
uncertainty estimation. All the other models agree that runoff is minimal compared to refreezing at Dye-2 (Figure 11abc).
The bucket-scheme models (IMAUFDM and UppsalaUniBucket) retain all the meltwater generated at the surface. All the
other models predict that runoff occurs regularly (Figure 11b), with a peak in 2012. Nevertheless, the uncertainty envelope
applying to runoff always includes zero (Figure 11b). In years with absent or minor runoff, the annual refreezing totals reflect
the inter-annual variability of surface melt and have uncertainties ranging from 3% to 24% of the average refreezing value

depending on the year (Figure 11a).

At KAN_U, the impact of the ice slab on the surface mass balance is critical. The different simulated meltwater infiltration
patterns (Figure 8c) lead to varying total amounts of meltwater either refrozen or runoff (Figure 11abc). The bucket schemes
(IMAUFDM, UppsalaUniBucket) and UppsalaUniDeep percolate meltwater through the firn and all the meltwater refreezes
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below the ice slab in these models. In all the other models, the presence of ice layers prevents or slows down meltwater
infiltration, triggers ponding and lateral runoff, including in the CFM models where the preferential flow domain is unable
to accommodate all the incoming water. The firn models’ uncertainty on annual refreezing ranges from 28% in 2015 to 67%
in 2016 relative to each year’s average total refreezing. In 2012, the average runoff among models was 400 mm w.e., about
30% of the prescribed surface meltwater. For comparison, Machguth et al. (2016) calculated from firn cores that 75 + 15%
of the surface meltwater went to runoff at KAN_U in 2012. Although the observations are subject to considerable uncertainty,
they indicate that most of the models underestimate the runoff at KAN_U in 2012. The spread in the model outputs leads to

an uncertainty envelope which includes both zero runoff and the observed value (Figure 11f).

We do not evaluate meltwater retention and runoff at FA owing to the major limitations that we highlighted in the current
handling of firn aquifers in firn models. In the percolation sites represented here by Dye-2 and KAN_U, the model spread
generally increases with increasing surface melt and when more of that melts runs off. We therefore highlight the
disagreement of the firn models in their simulations of the meltwater retention, refreezing, and runoff in the lower
accumulation area of the ice sheet. High-melt accumulation areas should therefore be the subject of further field

investigations to ascertain the actual meltwater retention there and better constrain firn models.
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Figure 11. Yearly meltwater refreezing (a,d) or runoff (b,e), as totals (a,b,d,e) or fraction of the total meltwater input
(c,f) at Dye-2 (a,b,c) and KAN_U (d,e,f). For each panel, yearly inter-model averages (black dots) and +2¢ values
(error bars) are calculated from all models except the DTU model.
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7. Summary remarks and perspectives

Nine state-of-the-art firn models were forced with mass and energy fluxes calculated from weather station data at four sites
representative of various climate and firn zones of the Greenland ice sheet. From the intercomparison of their simulated firn
temperature, density, and water content, and from evaluation against various firn observations, we identified specific routines
within the models that are responsible for the models’ behaviours. We later quantified uncertainties that apply to the firn
model outputs and on their evaluation of meltwater retention. We identified key topics for future development of models and

for the investigation of firn processes.

We identified the following disagreement among models and model-observation discrepancies. Runoff-enhancing ice slabs
were formed in certain models at the Dye-2 site where they are not observed. At the KAN_U site, where models were
initialized with a several-meter thick ice slab according to observations, models do not agree whether such ice layers allow
meltwater infiltration or not. Models that explicitly include deep percolation allow water percolation through the ice slab,
which disagrees with the relatively cold observed firn temperatures at depth. At the aquifer site, only deep-percolation models
infiltrate meltwater to the aquifer. Nevertheless, all models misrepresent the aquifer either because of the inability of some
models to simulate saturated conditions, the different time scales at which the excess water is sent to runoff, and the absence
of horizontal subsurface water movement. At all sites, Eulerian models smooth the firn density profile and dissipate contrast
in firn density even in a model with high vertical resolution. Further testing of such models should investigate how this
numerical diffusion affects the modeled firn characteristics over longer runs and how runoff-enhancing ice slabs are
represented in these models. Model spread and deviation between simulated and observed firn density and temperature is
largest at the sites that experience more melt. Using twice the standard deviation in model outputs as an indicator of
uncertainty envelope, we found that firn models can estimate firn density within +60 kg m= at a dry snow site and that
uncertainty increases to 280 kg m for certain depth ranges at percolation sites. The similarity between modelled and
observed firn density at the nearly melt-free Summit site indicates that for the top 20 m of firn, the densification equations
perform similarly under dry-snow conditions given identical forcing. However, variability in simulated firn temperature at
Summit indicates that heat transfer through the firn is still not handled consistently in firn models. Consequently, none of the

tested models compared positively with observations at all four sites.

Differences in simulated firn characteristics in the nine models led to different amounts of meltwater being retained through
refreezing or escaping the site through runoff. Models that percolate meltwater deeper (shallower) calculate higher (lower)
retention through refreezing and therefore less (more) lateral runoff. The spread among models regarding annual meltwater
retention is positively correlated with surface meltwater input and reaches 70% in 2012, the highest melt year at KAN_U.
Still, during that year, the inter-model average runoff is 28% of the meltwater input. Therefore, assessment of model spread

should be conducted at sites presenting higher fractions of meltwater running off.
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These mixed results show that even the newest models need further development to perform satisfactorily under the wide

range of climate and firn conditions of the Greenland ice sheet. We recommend the following topics for future investigations:

More observations of firn permeability should be conducted both at point and regional scale. Measurements of grain
size and other microstructural properties would also help to evaluate the parametrizations currently used by some
of the firn models for permeability. These measurements should focus on the lower percolation area where meltwater
infiltration and runoff play an important role in the surface mass balance.

Bucket schemes, which do not calculate firn permeability, would benefit from a density-based impermeability
criterion. This criterion needs to be drawn from field evidence at the scale the models operate.

Recent work on firn thermal conductivity (e.g. Calonne et al., 2019, Marchenko et al., 2019) should also be used
to improve the firn models. Furthermore, the impact of vertical ice features and firn ventilation on firn temperature
is currently not included in any of the firn models. Firn temperature observations are now available to assess the
model performance and should be part of the standard evaluation protocol.

Eulerian models should be used bearing in mind that they gradually average firn characteristics. This issue does not
prevent the use of such models, as long as the features that are being studied (e.g. ice slab, runoff, firn aquifer...) are
being defined in ways that are compatible with the Eulerian framework.

A major rethinking of firn models is necessary to better represent firn aquifer. In these regions, models need to allow
saturated conditions and lateral subsurface water flow either explicitly with a multi-dimensional model or through
an adapted parameterisation. More field observations are also needed to ascertain the surface meltwater input at
these sites, whether near-surface drainage occurs and, if it does, the size of such drainage area.

Recent efforts were made to explicitly describe heterogeneous meltwater infiltration in firn models. While they
allowed better performance at the firn aquifer site, they infiltrate water too deeply and produce positive biases in
firn temperature at the dry snow site and the two percolation sites. Further work is needed to understand, under
various surface and firn conditions, when heterogeneous percolation occurs, how deep it should reach and how
much water it should transport. Only after these questions are understood can a reliable preferential-flow be
developed.

The fresh snow density is known to have an impact on the firn model outputs but was here set to a site-invariant
value derived from observations. Fresh snow density is known to vary considerably in space and time although no
statistically robust parameterisation exists up to date for the Greenland ice sheet. Future measurement campaigns
and modelling efforts could help to prescribe surface snow density and understand how it interacts with the

densification and heat transfer scheme.

Considering the number of firn characteristics that remain to be investigated and the cost of field surveys, laboratory

experiments could be highly valuable if they can address the boundary effects, the scale of the process being investigated,

and provide realistic surface and firn conditions. Investigation of the points listed above will collectively improve our

understanding of firn and meltwater dynamics, improve the representation of these processes in firn models, and eventually
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reduce the uncertainty that applies to their output when assessing the surface mass balance of the Greenland ice sheet in past,

present, and future times.

8. Data availability

The forcing data sets and all the model output is available on https://www.promice.org/PromiceDataPortal/. The code for all

the plots are available on https://github.com/BaptisteVandecrux/RetMIP. The source code for the CFM model is available at
https://github.com/UWGIlaciology/CommunityFirnModel; the GEUS model code can be found at

https://github.com/BaptisteVandecrux/SEB_Firn_model. The RetMIP protocol is available at

http://retain.geus.dk/index.php/retmip/.
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Abstract. Perennial snow, or firn, covers 80% of the Greenland ice sheet and has the capacity to retain part of the surface
meltwater, buffering the ice sheet’s contribution to sea level. Multi-layer firn models are traditionally used to simulate the firn
processes and estimate meltwater retention. We present the output from nine firn models, forced by weather=station=derived
mass and energy fluxes at four sites representative of the dry snow, percolation, ice slab and firn aquifer areas. We compare
the models’ outputs and evaluate them against a set of field measurements. Models that explicitly account for deep meltwater
percolation overestimate percolation depth and consequently firn temperature at the percolation and ice slab sites although
they simulate accurately the recharge of the firn aquifer. Models using Darcy’s law and bucket scheme compare favourably
to observations at the percolation site but only the Darcy models accurately simulate firn temperature and thus meltwater
percolation at the ice slab site. We find that Eulerian models that transfer firn through fixed layers, diffuse over time gradients

in firn temperature and density. From the model spread, we find that simulated densities (respectively temperature) have an
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uncertainty envelope of +60 kg m (resp. £14 °C) in the dry snow area and up to 280 kg m3 (resp. +15-18 °C) at warmer
sites. We do not find any model outperforming the others at all four sites indicating that all models have potential for

development.

1. Introduction

Responding to highe@iemperatures and increased surface melt, the Greenland ice sheet has been losing mass at an accelerating
rate over the last decades and is responsible for about 20% of the current sea level rise (Van den Broeke et‘al. 2016, IMBIE
Team 2019). The temperature increase has introduced melt at higher elevations, where melt was seldomly seen (Nghiem et
al. 2012). In these colder, elevated areas, snow builds up into a thick layer of firn. Increased surface melt in the firn area of
the Greenland ice sheet was seen to affect its structure (Machguth et al. 2016; Mikkelsen et al. 2015), density (De La Pefia et
al. 2015; Vandecrux et al. 2018), air content (van Angelen et al. 2013; Vandecrux et al. 2019) and temperature (Polashenski
et al. 2014; Van Den Broeke et al., 2016). These changing characteristics all affect how much meltwater can be refrozen
within the firn (Braithwaite et al., 1994; Pfeffer et al., 1991) or retained as long-term liquid water storage in perennial firn
aquifers (e.g. Forster et al. 2014; Miege et al. 2016). Both processes affect how much meltwater runs off from the firn area
and ultimately determines the contribution to sea-level rise (Machguth et al. 2016; Mikkelsen et al. 2015; Van As et al. 2017).
More importantly, meltwater refreezing can saturate the firn with ice that merges in continuous ice layers of several meters in
thickness (MacFerrin et al. 2019). These ice slabs have a profound influence on meltwater runoff, thereby lowering the surface
albedo and act as a positive feedback mechanism, amplifying Greenland’s contribution to sea-level rise. The firn on the
Greenland ice sheet has been investigated for two additional reasons. First, knowledge about how firn air content evolves
through time is necessary for the conversion of space-borne observations of volume changes into mass changes (Simonsen et
al. 2013; Sgrensen et al. 2011). Secondly, the air within the firn eventually gets sealed at depth when firn is compressed into
ice (Goujon et al., 2003). The depth of that firn to ice transition as well as the mobility of gases through the firn before they
are trapped in bubbles within glacial ice heavily depend on the fine coupling between the firn'characteristics and theisurface

conditions (Spencer et al., 2001).

Snow and firn models have been coupled to regional climate models to describe the evolution of the firn characteristics and
the meltwater retention. However, various models have been used, all using differing formulations and numerical strategies
to describe the processes within the firn. Earlier, Reijmer at al. (2012) showed that, provided reasonable tuning, simple
parameterizations of the subsurface processes return similar refreezing rates for the GIS, which were also in agreement with
the results from two physically based layered subsurface models. However, the spatial patterns were widely varying and
validation against field observations remained challenging. Here we focus on analysis of output from nine layered models
that describe the subsurface fluxes of mass and energy but employ differing formulations and numerical strategies to describe

the processes within the firn. The meltwater Retention Model Intercomparison Project (RetMIP) aims at comparing some of
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the:models currently used on the Greenland ice sheet coordinated by using the same surface inputs of mass and energy for all
participating firn models. In this first publication, we proceed to the evaluation of nine firn models at four sites where surface
conditions could be derived from automatic weather station observations and where firn observations are also available. In a
second publication, some of these models are run over the entire Greenland ice sheet using the same forcing from the regional
climate model HIRHAMS5 (Mottram et al., in prep.).

In the present study, we aim to answer the following questions: What is the model-induced variability in simulated firn density,
temperature and liquid water content? What is the impact of model design on its output? And last but not least, what is the
uncertainty that apply to the firn models’ outputs? We will address these questions at four sites that are representative of
different climate zones: a dry snow site, a site in the percolation area, an ice slab site and lastly a firn aquifer location. At each
site the models are forced by weather-station-derived mass and energy fluxes and initialized with observed subsurface profiles
of temperature and density. The model outputs are thereafter compared to observations of firn density, temperature and

percolation depth and their variability, performance and uncertainty are discussed.

2. Models

The multi-layer firn models investigated here are listed in Table 1 and all have density, temperature, and liquid water content
as prognostic variables. They all follow the general framework: they divide the firn into multiple layers in which the firn
characteristics can be calculated. The number of layers vary in each model (Table 2) and we distinguish between twoYtypes
of layer management strategies. All models except DMIHH and MeyerHewitt follow a Lagrangian framework: they add new
layers at the top of the model column during snowfall and these layers are advected downward as new material accumulates
at the surface. DMIHH and MeyerHewitt follow a Eulerian framework in which the layers have either fixed mass or fixed
volumes. During snowfall, new material is added to the first layer and an equivalent mass/volume is‘transferred by each layer
to their underlying neighbour. At each time step, the models calculate firn density according various densification laws and
update the layers’ temperature using different values of thermal conductivity (Table 2). We can note that DMIHH, GEUS and
DTU models have a fixed temperature at the bottom of their column (Dirichlet boundary condition) while other models have
fixed temperature gradient (Neuman boundary condition).YAll models simulate meltwater percolation and transfer watef¥rom
one layer to the next according to the routines listed in Table 2, as well as meltwater refreezing and latent heat release. All
models simulate the retention of meltwater within a layer due to capillary suction, either explicitly (MeyerHewitt and CFM
model) or, for all other models,through the use of an irreducible water content as parameterised by Coléou and Lesaffre
(1991). When meltwater cannot be transferred to the next layer or be retained within the layer by capillary suction, lateral
runoff can occur according to certain rules depending on the model (Table 2). The models background and specificities are

described in greater details in the following paragraphs.
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Table 1: Models evaluated in this study.

Model code name

Developing institute

References

CFM-Cr University of Washington, University of Stevens (2018), Verjans et al.
CFM-KM Lancaster (2019)
DTU Technical University of Denmark — Sgrensen etal. (2011); Simonsen
National Space Institute et al. (2013)
DMIHH Danish Meteorological Institute Langen et al. (2017)
Geological Survey of Denmark and
GEUS Vandecrux et al. (2018)
Greenland
Ligtenberg et al. (2011), Kuipers
IMAU-FDM IMAU, Utrecht University Munneke et al.  (2015;
Ligtenberg et al. (2018)
) Thayer  School of  Engineering, )
MeyerHewitt Meyer and Hewitt (2017)

Dartmouth College

UppsalaUniBucke Van Pelt et al. (2012)
Marchenko et al.

Van Pelt et al. (2019)

Uppsala University (2017)

\UppsaIaUniDeepPerc

CFM-Cr and CFM-KM

The Community Firn Model (CFM) is an open-source, modular model framework designed to simulate numerous physical
processes in firn (Stevens, 2018). The number of layers is not fixed; new snow accumulation at each time step is added as a
new layer, and a layer-merging routine prevents the number of layers from becoming too large. The CFM-Cr and CFM-KM
use different densification scheme (Table 2) and the same meltwater percolation scheme: a dual-domain approach that closely
follows the implementation of the SNOWPACK snow model (Wever et al. 2016). It accounts for the duality of water flow in
firn by simulating both slow matrix flow and fast, localised, preferential flow as and was implemented in the CFM by Verjans
etal. (2019). In the matrix flow domain water percolation are prescribed by the Richards Equation, ice layers are impermeable,
and runoff is allowed. In contrast, preferential flow can bypass such barriers and no runoff is simulated. Water is exchanged
between both domains as a function’of the properties of the firn layers: density, temperature and grain size. As such, when

water in the matrix flow domain accumulates above an ice layer, it is progressively depleted by runoff and by transfer of water
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in the preferential flow domain. In the deepest firn layers, above the impermeable ice-sheet, water accumulates, and no runoff

is prescribed, which allows for the build-up of firn aquifers.

DTU

The DTU firn model was developed to aid the interpretation of elevation change observations from NASA’s LIDAR satellite
altimeter mission ICESat in relation to deriving Greenland wide mass balance (Sgrensen et al., 2011). Further, model
development was targeted at modelling the inter-annual stratigraphy of the dry-snow zone along the EGIG-line in central
Greenland as mapped by the ASIRAS-instrument, an airborne version of the ESAs CRYOSat-2 satellite altimeter mission.
The model is founded in the empirical frame of the HL-model as modified by Arthern et al. (2010). The model is a 1D column
model which includes the formation of ice lenses following the formulation by Reeh 2005. Meltwater retention follows the
bucket approach to distribute rain or meltwater from the surface. If meltwater is conveyed to a model layer the water is retained
if there are sufficient airspace and refreezing energy available in the layer. Additional liquid water can be retained in a layer
by capillary forces (Schneider and Jansson 2004), this formulation does not allow for the formation of firn aquifers. If all
model layers do not have any refreezing potential or the percolating meltwater is met by a high-density layer (ice densities).
The model follows a Lagrangian scheme of convection of layers down into the firn and the model layering is defined by the
time-stepping of the model. Model layers may be empty if no precipitation is received at the surface a given time step or if

the surface layer is melted away by meltwater production ascribed by the forcing.

DMIHH

The model was developed to provide firn subsurface details for the HIRHAM regional climate model experiments (Langen
etal., 2017). It employs 32 layers of time-constant water equivalent thicknesses divided into contributions from snow, ice and
liquid water. Layer thicknesses increase with depth to increase resolution near the surface and give a full model depth of 60
m w.e.. Mass added at the surface (e.g., snowfall) or removed as runoff causes the scheme to advect mass downward or
upward to ensure the constant w.e. layer thicknesses. In addition to the saturated and unsaturated'hydraulic conductivities
(Table 2), the water flow through layers containing ice follows the analytical model of Colbeck (1975) for a snowpack with
interspersed ice layers. A parameter describing the ratio between the width of holes in the ice and the width of the ice must
be chosen and we choose here a value of 1 meaning that ice has a horizontal extent of half the unit area. A layer is considered
impermeable if its bulk dry density exceeds a threshold of 810 kg m-3. Runoff is calculated from the water in excess of the
irreducible saturation with a characteristic local runoff time-scale that increasesys the surface slope tends to zero (Zuo and
Oerlemans, 1996). The coefficients of the time-scale parameterization are chosen as in Lefebre et al. (2003). We choose an
initial value of 0.1 mm for the grain size:diameter of freshly fallen snow. The column grain size distribution is initialized in

these experiments as columns taken at the specific sites from the spinup experiments performed by Langen et al. (2017).

GEUS
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The GEUS model is based on the DMI model (Langen et al., 2017) and@urther developed in Vandecrux et al. (2018, in
review). As in the DMIHH model, the layer’s ice content decreases its hydraulic conductivity according to Colbeck (1974)
but we set the geometry parameter to 0.1 as detailed in VVandecrux et al. (2018). At the end of a time step water exceeding the
irreducible water content that could not be percolated downward is assumed to runoff and removed from the layer at a rate
that depends on the firn characteristics and on surface slope according to Darcy’s law. See more details about this runoff

scheme@h the Supplementary text S1.

1MAU-FDM

The IMAU-FDM model has been used in combination with the RACMO regiona€inodel in Greenland, on Arctic Canada and
Antarctica. Firn compaction follows a semi-empirical, temperature-based equation from Arthern (2010). The compaction rate
is-further-tuned to observations from Greenland firn cores, using an accumulation-based correction‘factor (Kuipers Munneke
et al., 2015). IMAU-FDM includes meltwater percolation following a tipping-bucket approach. Percolating meltwater is
refrozen if there is space available in the layer, and if the latent heat of refreezing can be released in the layer. As opposed to
other models in this study, runoff is not allowed over ice layers, but only when percolating meltwater has reached the pore
close-off depth. Upon reaching that depth, runoff is instantaneous. The rationale for allowing percolation through thick ice
slabs is that IMAU-FDM is mainly used to simulate firn at scales of tens to hundreds of square kilometres,’and at these spatial

scales, meltwater will always find a way through even the thickest slabs of ice.

MeyerHewitt

Meyer and Hewitt (2017) present a continuum model for meltwater percolation in compacting snow and firn. The
MeyerHewitt model includes heat conduction, meltwater percolation and refreezing, as well as mechanical compaction using
the empirical Herron and Langway (1980) model. In the MeyerHewitt model, water percolation is described using Darcy's
faw, allowing for both partially and fully saturated pore space. Water is allowed to run off from the surface if the snow is fully
saturated. Using an enthalpy formulation for the problem, the MeyerHewitt model is discretized using the conservative finite
volume method that is fixed in the frame of the firn surface and is Eulerian, meaning that material can flow into and out of

the domain.
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Model Discretization Meltwater routing Hydraul_lc_ﬁ Firn densification Runoff calculation Therma_lw/_)
conductivity conductivity
CEM-Cr Richards equation and dual- van Vionnet et al.£2012)
Unlimited numl_)er of domain preferential flow _ Genuchten e Zuo and Oerlemans Anderson (1976)
layers. Lagrangian scheme (Wever et al., 2015; (1980) Kuipers Munneke et al.© (1996)
CFM-KM Verjans et al., 2019) "
(2015)
Dynamically allocated, OmmediSSAThoff
DTU based on accumulation Bucket-scheme ) Sgrensen et al. (2011); an to ocflah ce Schwander et al.
rates, timestep and depth Simonsen et al. (2013) la erp (1997)
range. Lagrangian Y
200 layers dynamically L , Darcy flow to
GEUS allocated, f:;ameterlzatlon of Darcy’s Calonneet identical cell given galﬂ)n eetal
Lagrangian al. QOLEPEA G ionnet et al. (2012)  Surfaceslope
Hirashima &t el
DMIHH 32 layers, Eulerian al. (2010) (leg%g;] CHETIEMANS Y yen (1981)
i i A
IMAU-EDM maximum of 3000 layers, Bucket:scheme ) Kuipers Munneke etal. ~ Only at the bottom Anderson (1976)
Lagrangian (2015) of the column
. finite volume, Eulerian, s Carman- Herron and Langway Excess surface
MeyerHewitt 600 layers Darcy’s law Kozepy,. (1980),. water constant
UppsalaUniBucket Bucket scheme .
600 layers, max 0.1 m Immediate runoff Sturm et al
layer thickness, Deep percolation scheme; - Ligtenberg etal::(2011)€» on top of an ice (1997) '

UppsalaUniDeepPerc Lagrangian

linear distribution down to 6
m (Marchenko et al. 2017)

layer
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UppsalaUniBucket & UppsalaUniDeepPerc

UppsalaUniBucket and UppsalaUniDeepPerc have been developed for the Norwegian Arctic (Van Pelt et al. 2012; 2019;
Marchenko et al., 2017) and only differ in their representation of vertical water transport. UppsalaUniBucket simulates melt
water percolation according to the tipping-bucket scheme while UppsalaUniDeepPerc uses a deep percolation scheme which
mimics the effect of fast vertical transport due to preferential flow (Marchenko et al. 2017). The water transport model
incorporates irreducible water storage but does not allow for standing water to accumulate on top of the impermeable ice;
instead all water that reaches the base of the firn column is set to runoff instantaneously. References for the parameterizations

used for gravitational settling, thermal conductivity, irreducible water storage and water percolation are given in Table 2.

3. Methods

3.1. Forcing data

Differences between firn-model outputs and observations depend as much on the model formulation as on the forcing data
that is given to the model (e.g., Ligtenberg et al., 2018). Any bias in forcing data will be passed on to the model output. To
make sure we compare and evaluate the models independently of biases that may exist in forcing datasets that come from
RCMs,ywe use meteorological fields derived from five weather stations at four sites. These sites reflect a wide variety of
climatic conditions (Table 4, Figure 1) on the Greenland ice sheet, which is reflected in a wide variety of firn density and
temperature profiles. For example, the cold and dry climate at Summit Station results in cold firn with low compaction rates.
Summit is representative of the dry snow area as defined by Benson (1962). Located in an area with*higher melt (Table 3),
Dye=2:is representative of the ice sheet’s percolation area (Benson, 1962) where meltwater generated at the surface percolates
into the firn and releases latent heat when refreezing into ice lenses. The Firn Aquifer (FA) site in Southeast Greenland, has
an exceptional combination of both a high surface melt rate and a high accumulation rate, leading to the formation of a
perennial body of liquid water at a depth of 20 m and below (Forster et al., 2012; Kuipers Munneke et al. 2014). At the
KAN_U site, lower accumulation rates and increasing melt have led to the formation thick ice slabs (Machguth et al., 2016;

MackFerrin et al., 2019) that impede meltwater percolation below 5 m.

We use data from GC-Net weather stations at Dye-2 and Summit (Steffen et al., 1996) from the PROMICE station at KAN_U
(Ahlstrgm, et al., 2008; Charalampidis, et al., 2015), from IMAU, Utrecht University at the Firn Aquifer site (see
Supplementary Text S2 for station description), and a weather station installed by Samira Samimi and Shawn Marshall at
Dye-2 in 2016 (see Supplementary Text S2 for station description). The use of a different station at Dye-2 in 2016 (which
was more recently installed than the GC-Net station), ensures the best meteorological forcing for the models over that melting

season, during which an extensive validation dataset is available.
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Figure 1: Map of the four study sites.

The data from each weather station are quality checked and obvious sensor malfunctions are discarded. The data gaps were
filled using either nearby stations or HIRHAMS data as in Vandecrux, et al. (2018). Downward longwave radiation is not
monitored by the GC-net stations (Dye-2 and Summit) and is taken entirely from HIRHAMS5 output. The surface energy
balance model developed by van As et al., (2005) was used as in Vandecrux et al. (2018) to calculate surface “skin"
temperature, meltwater generation and net snow accumulation (precipitation — sublimation + deposition). These data averaged
to three-hourly values were used to force all the firn models. When necessary, the given input data were adapted to match the
specific needs of certain firn models (see Supplementary Text S1). Rain is not monitored at any site, so it is not included in
the mass fluxes. Tilt of the radiation sensor was not corrected for at Dye-2 and Summit stations although this correction was
seen to increase the calculated melt by 35 mm w.e. yr at Dye-2 (Vandecrux et al., in review). The surface forcing data is
illustrated in Figure S1.

3.2. Boundary conditions

To allow comparison of the various firn models, as many boundary conditions as possible were given to all models. A key
parameter to all firn models is the density of fresh snow when it is added at the top of the model domain. Here we use the
value of 315 kg m-3 from Fausto et al. (2018) which is derived from a large compilation of top 10 cm snow density measured

on the Greenland ice sheet. The long-term accumulation and annual near-surface air temperature as well as the local surface
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slope were prescribed according to Table 3. Initial profiles for density, temperature and liquid water content (only at FA) are
provided to all models and illustrated in Figure S2. The origin of the initial density profiles is given in Table 3. Initial
temperature profiles were calculated using the first reading of air temperature (as first guess of surface temperature), the first
valid measurement of firn temperature, and the deep firn temperature (Table 3). Initial liquid water content at FA is calculated

according to the observations from Koenig et al. (2014) indicating pore saturation below 12.2m depth.

3.3. Intercomparison and validation of model output

We asked all the participating models to provide firn density, temperature and liquid water content in time steps of three
hours, and to interpolate these variables to a common grid of 10-cm thick layers down to a depth of 20 metres. Additionally,

three-hourly vertically integrated refreezing and runoff were provided by each model.

Three types of validation datasets are available at our sites: i) a set of firn-temperature observations either from the GC-Net
stations (Vandecrux et al.in review), at Dye-2 in 2016 (Heilig et al., 2018), at KAN_U (Charalampidis et al., 2015) and at the
FA station (Koenig et al., 2014); ii) A collection of firn density profiles (Table S1); iii) The observation of percolation depth
and liquid water content at Dye-2 over the summer 2016 (Heilig et al., 2018).

For the:firn density, we first compare the vertically-resolved;simulated density profiles among each other to available firn
cores. We also calculate for each time step the average firn density over the 0-1, 1-10 and 10-20 m depth range and discuss
the standard deviation of these values among models and their bias compared to punctual observations from firn cores. Hourly
measurements of firn temperatures are compared to the interpolated temperature from the closest model layers. The Root
Mean Squared Error (RMSE), mean bias and coefficient of determination (R?) are then discussed to quantify the performance

of the models in terms@f firn temperature.

4. Results

4.1. Firn density

Models do not always produce similar top 20 m firn density profiles (Figure 2). The site where density evolution is the most
similar is at Summit and the differences between models is more visible at Dye-2 and KAN_U. At FA only one melt season
is investigated which is not enough for models’ outputs to diverge. At Dye-2, CFM-Cr, CFM-KM and UppsalaUniDeepPerc
build up higher density firn from the surface to 10 m depth. On the contrary, DTU, GEUS, IMAUFDM and UppsalaUniBucket
simulate thinner high-density layers that are generated each summer at the surface and buried in the following months and
years. High- or low-density layers are harder to identify in DMIHH and MeyerHewitt. At KAN_U the evolution of a pre-

existing ice slab can be investigated in each model. The evolution of the density profile at KAN_U depends on whether the

11
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model allows percolation past the ice slab (Figure 2). DMIHH and GEUS models do not allow such percolation, and
refreezing-related densification only occurs atop the ice slab. CFM-Cr, CFM-KM, IMAUFDM, UppsalaUniBucket and
UppsalaUniDeepPerc models percolate meltwater past the ice slab to 10-15m depth heating up the firn there (Figure 2). As a
result, the available pore space within the ice slab is used for refreezing. Nevertheless, the sealing of the ice slab in these
models does not prevent the meltwater from percolating through, and meltwater refreezing continues to occur at depth and to

densify the firn there.

Firn density (kg m3)
400 500 600 700 800 900

a) Summit

= 20
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Figure 2: Simulated firn density at the four study sites.

At all sites the models start with similar average densities due to the common initialisation (Figure 3). In the course of the

simulation, the standard deviation of simulated firn density values increases. At Summit, the models agree relatively well on
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the average density independently of the depth range with a maximal standard deviation among models of 15 kg m- for the
top 1 m average density, 27 kg m= for the 1-10 m range and 23 kg m- during the 15 year long simulation period. However,
in the areas where more melt occurs, the differences between the simulated firn density are larger. At Dye-2, the maximum
standard deviation in top 1 m, 1-10 m and 10-20 m average firn densities are 161, 141 and 29 kg m respectively. At KAN_U,
the standard deviation in average firn density among models can be as high as 181 kg m for the top 1 m, 110 kg m for the
1-10 m depth range and 35 kg m between 10 and 20 m depth. The models spread is highest close to the surface and diminish
further at depth.

— CFM-Cr — CFM-KM = DTU
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— MeyerHewitt UppsalaUniBucket — = UppsalaUniDeepPerc
& Observations
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Figure 3: Modelled (coloured lines) and observed (black dots with 40 kg m-3 uncertainty bars) average firn density for the top 1 m
(a,c), for the 1-10 m depth range (b,d) and 10-20 depth range (c,e) at KAN_U (a,b,c) and Dye-2 (d,e,f).

Comparison with firn cores drilled at Summit in 2015, KAN_U in 2013 and 2016 and at Dye-2 in 2011 allow to identify the
models that are closest to the observed evolution of the firn. At Summit, all models reproduce the firn density within the
observation uncertainty (Figure 3). At KAN_U, the near-surface ice layer is prescribed at the initialization for all models in
spring 2012. Most models still have this feature in 2016. Only MeyerHewitt and DMIHH model gradually smooth the initial
density profile. Yet they still simulate a firn layer of higher density at 5 m depth for DMIHH and around 12 m depth for
MeyerHewitt. A low-density bias is also present& these two models close to the surface, both in 2013 and 2016.
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Figure 4: Observed and simulated density at Summit (a), KAN_U (b) and Dye-2 (c)
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300 Figure 5: Simulated firn temperature at the four study sites.

Simulated firn temperatures is most consistent among the 9 models at the low melt site of Summit. Indeed, given the same

surface forcing in terms of skin temperature, snowfall and sublimation and in the absence of significant meltwater, Summit

provides the opportunity of validating the capacity of the models to simulate heat conduction and advection through the firn.

Yet, at Summit, there are some visible differences between the models (Figure 5). MeyerHewitt is the model that propagates

305  temperature fluctuations the deepest. UppsalaUniDeepPerc also allows the small amount of surface meltwater to percolate to
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depth where it refreezes and releases latent heat. The DMI, GEUS, IMAU-FDM, UppsalaUniBucket are very similar. The

CFM models propagate heat slightly deeper than the previous models, but not as much as UppsalaUniDeepPerc.
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Figure 6: Deviation of simulated firn temperature from observations at the four study sites.
At Dye-2, the simulated firn temperatures are more model-dependent and their spread can be evaluated both on the long term
with the 1998-2015 simulation as well as over the 2016 melting season with greater accuracy in the surface forcing (Figure
5). The spread in temperature can mainly be explained by the various meltwater routing schemes and will be discussed further
315 in the next section.
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The ability of the firn models to simulate realistic firn temperature is evaluated using the R?, RMSE and ME statistics (Figure
6). Most models show a warm bias at Summit. At Dye-2, CFM-Cr, CFM-KM and UppsalaUniDeepPerc have a warm bias

while the other models can over- or under-estimate firn temperature depending on the season. At KAN_U, the DTU, DMIHH

320  and MeyerHewitt show a cold bias, the GEUS bias show the lowest bias while all other models overestimate firn temperature.
The case of FA is discussed in Section 5.3.
4.3. Meltwater percolation
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Figure 7: Simulated liquid water content at Dye-2 (a,b), KAN_U (c) and FA (d).

The high-quality forcing and boundary conditions available at Dye-2 over the 2016 melt season provides the best test situation
for the meltwater routing schemes. The site has sufficient surface melt and the firn, although interspersed with ice layers, does
not prevent downward percolation. Simulated percolation depth varies greatly among the models. In the DTU model,
meltwater is only allowed in the top layer. This is due to the restriction of water not being able to penetrate ice layers in the
firn. UppsalaUniDeepPerc presents the deepest percolation. IMAUFDM and UppsalaUniBucket give similar results and
percolate water down to 2-3 m depth. The percolation pattern in CFM-Cr and CFM-KM is markedly different with percolation
down to 10 m. DMIHH and GEUS give similar percolation depth with slightly deeper percolation for GEUS model.
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Figure 8: Comparison of the simulated (coloured lines) and observed (black line) meltwater percolation depth at Dye-2 over the
2016 melting season.

The observations from upward-looking ground penetrating radar (up-GPR) (Heilig et al., 2018) give an unprecedented
opportunity to validate the meltwater dynamics at Dye-2, a site representative of the percolation area of the Greenland ice
sheet. Observations from up-GPR show that the meltwater front did not reach below 2 m depth during the 2016 melt season.
The melt was concentrated around three periods of increasing intensity between May and June and a period when meltwater
was continuously present in the firn between July 20 and September 25. These observations from up-GPR are consistent with
the melt amount derived from the weather station data and used to force all firn models. This increases our confidence that
firn models are here evaluated with forcing as close as possible to the in situ weather. The CFM-CR and CFM-KM models
substantially overestimate percolation (Figure 8a, red and blue lines). The very large simulated percolation depth (~10 m) can
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be attributed to the dual flow scheme, which overstates the effects of preferential flow. The other models give a more

percolation depth closer to the observation.

5. Discussion

5.1. Impact of the model design on simulated density, temperature and water content

The variability in firn density, temperature and water content and the deviation between simulations and observations (Section
5) can be explained by the various ways physical processes are accounted for in the models. In this section we detail what can

be learned from the comparison and define potential improvement for future firn models.

Equivalence of the firn densification schemes at a dry snow site

At Summit, where little influence of melt on densification is expected, the various densification schemes used by the models
all simulate firn density within observational uncertainties. This indicates that for the top 20 m of firn, and given appropriate
forcing, the densification laws perform similarly under dry snow conditions. It is not surprising as most of the densification
schemes are calibrated against firn density profiles from dry snow areas. The good performance of firn models in the dry snow
area was also established from previous comparison experiments (Steger et al., 2017; Lundin et al., 2017; Alexander et al.,
2019).

Bucket schemes, irreducible water content and ice slabs

IMAUFDM and UppsalaUniBucket have in common their bucket scheme and the use of irreducible water content by Coléou
and Lesaffre (1998). They consequently present similar percolation depth at KAN_U and Dye-2 (Figure 7). IMAUFDM and
UppsalaUniBucket slightly underestimate percolation depth at Dye-2 in 2016 (Figure 8). This might be corrected by using a
slightly lower irreducible water content. Indeed, the commonly used water content parametrization from Coléou and Lesaffre
(1998) could be complemented by observations in natural firn or adapted to the specific needs of bucket scheme models. On
the one hand, meltwater routing in bucket scheme models compare favourably to observations and to the DMIHH and GEUS
models which include more advanced meltwater routing schemes (Figure 8). On the other hand, the two bucket scheme models
both overestimate percolation at KAN_U in presence of an ice slab as shown from a warm bias there (Table 5). Indeed, it was
known that they can overestimate percolation depth and more advanced routing schemes show slightly better performance in
simulating meltwater runoff from alpine snowpack (Wever et al. 2014). We therefore conclude that bucket schemes perform
relatively well but accuracy in percolation depth could benefit from an improved representation of flow-impeding ice layers

and from a slightly lower irreducible water content.

Numerical diffusion
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In Lagrangian models, layers follow the firn as it gets buried under material accumulating at the surface. In Eulerian model
the firn is being transferred through fixed layers. Eulerian models such as DMIHH and MeyerHewitt, appear to smooth the
firn density profile and dissipate contrast in firn density (Figure 2). This appears to be independent of the model resolution
since MeyerHewitt has 18 times more layers than DMIHH. At KAN_U, these two models gradually lose the contrast between
the layers that compose the ice slab and the firn below (Figure 2). Therefore, Eularian models tend to represent ice slabs in

terms of a depth range with increased density, rather than marked layers of ice.

Deep percolation in low melt areas

At Summit minimal amounts of meltwater are produced at the surface. Yet, the models that explicitly include deep percolation
(CFEM-Cr, CFM-KM and UppsalaDeepPerc) present a warm bias (Figure 6). We interpret this as the signature of refreezing
events at depth in the models. Indeed, the deep percolation schemes presented here seem to route even very small amounts of
water to depth where the water refreezes and releases latent heat. The deep percolation schemes seem less adapted for areas

with minor melt until the conditions in which deep percolation occurs will be better constrained.

Ice slab creation at Dye-2 in deep percolation models

At Dye-2, more Vvariations are seen among the model outputs (Figure 2). For instance, both versions of the CFM and the Deep
Percolation model from Uppsala University grow a several-meter-thick ice layer near the surface. The behaviour of these
models can be explained by the simulation of water percolation bypassing ice layers and thus refreezing in cold underlying
firn. The models that explicitly account for deep percolation (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) all overestimate
the near-surface firn density at Dye-2.

Performance of the deep percolation schemes

The lack of preferential flow routine has recently been described as a caveat for firn models (e.g. van As et al., 2016). Yet,
little is known about how often this phenomenon occurs in thegirn nor which parameter triggers it. Here, the models that
include deep percolation explicitly overestimate percolation depth and firn temperature at Summitsnd grow an ice slab at
Dye-2. It therefore appears that a better understanding of deep percolation is needed before its inclusion in&rn model becomes

beneficial.

Insufficient heat at depth in the shallow percolation models

Models that keep meltwater close to the surface (DTU, DMIHH, GEUS, IMAUFDM, UppsalaUniBucket) also present a
noticeable cold bias at most sites (Figure 6). This could be attributed to insufficient meltwater percolation but the validation
at Dye-2 in 2016 indicates a reasonable percolation depth for all these models except DTU. Additionally, this cold bias is still
present at Summit where little meltwater is available for percolation. We interpret these findings as an indication that heat

transfer through the firn is still not handled accurately in most firn models. Especially, the heterogeneous nature of the firn,
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the presence of vertical ice features in the firn, the variability in surface snow density/thermal conductivity as well as firn

ventilation are processes not currently included in the models and should be subject of future research.

Ice slab and impermeability threshold

At KAN_U, DMIHH give the firn temperature closest to the observations (Figure 6). We explain this by the fact that DMIHH
is the model in which almost no meltwater percolates past the ice slab (Figure 7). This is due to a permeability criterion,
unique to the DMIHH model: if the layer’s density is higher than 810 kg m3, then the layer is impermeable, and any incoming
meltwater is sent to runoff. This threshold value is clearly defined using density as a proxy for permeability. Yet, the GEUS
model gives an illustration of how, without this threshold, the same meltwater routing scheme allows slow, but yet significant,
meltwater percolation through the upper part of the ice slab. Indeed, in the GEUS model, the hydraulic conductivity and
permeability of an ice-dominated layer is low, but not null. Minor percolation events within the ice slab have been documented
from the early phase of its formation (Charalampidis et al., 2016). More recent observations show that the ice slab has been
growing in thickness and the stratigraphy below it remained unchanged. This indicates the effective impermeability of this
ice slab (MacFerrin et al., 2019). The DTU model also uses such threshold but at a higher value of 917 kg m=. That threshold
was found to give the best match between simulated and observed firn density profiles (Simonsen et al., 2013). It appears
that firn models do not come to an agreement with the impermeability of ice layers, in general, and of the ice slab at KAN_U,
in particular. More work is needed to quantify the permeability of ice-dominated layer or to better constrain a threshold density
beyond which percolation is not possible. This question cannot be differentiated from the spatial and temporal scale to which

the firn model applies.

Fresh snow density

In this study we used a constant density at which new material is added to the top of the models. However, modelling studies
revealed that this parameter significantly impacts the simulated firn densities (Steger et al., 2017; van Kampenhout et al.,
2017; Alexander et al., 2019). Historically, parameterizations have been constructed on observations of the top 1 m snow
density (Reeh et al., 2005; Kuipers Munneke et al., 2015). Other values such as 344-350 kg m3 were used in Svalbard by Van
Pelt et al. (2014; 2019), a density of 400 kg m has been used by Charalampidis et al. (2015) on the Greenland ice sheet and
Verjans et al. (2019) used values between 240 and 365 kg m3 based on site-specific observations. Fausto et al. (2018)
concluded from a large Greenland dataset that no robust parametrization could be found based on mean annual air temperature,
mean annual accumulation, elevation, latitude or longitude. For this reason, we here use a site-invariant fresh snow density of
315 kg m2 (Fausto et al., 2018). The use of this fresh snow value was found to improve the result of a firn model in Greenland
(Steger et al., 2017). A constant value is nevertheless far from the variability observed in the field and leads to inaccurate
boundary condition for the densification schemes. Additionally, inaccurate fresh snow density can have drastic impact on the
heat transfer through the very top of the snowpack. Hence, it is necessary to develop our understanding of fresh snow density

in firn models and how this boundary condition may interact with the densification and heat transfer scheme.
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5.2. Uncertainty in model-derived firn characteristics and mass balance

Uncertainty applying to simulated firn characteristics

Given the complexity of the firn models, it is hard to propagate uncertainty and account for the models’ assumptions and
parameterisations. As a consequence, model results have commonly been given without uncertainty range which prevented
from assessing the strength of model-based inferences. We see from Figure 2 to 7 that the spread between models increases
as we move from the dry snow area to the percolation area, peaking at areas with features such as ice slabs and firn aquifers.
We suggest that the model spread presented here can provide a baseline for uncertainty whenever a single model is used. At
Summit, representative of the dry snow area, the standard deviation across models of average density in the 1-10 m depth
range reaches 27 kg m. Hence, an uncertainty envelope of +60kg m= can be used to describe the modelling uncertainty. At,
Dye-2, representative of the percolation area, models have a standard deviation of 141 kg m= at the end of the 15 year-long
simulation. This indicates a substantial level of uncertainty (280 kg m) that applies to simulated firn densities in the
percolation area. In the same way as for density, the models’ spread in simulated firn temperature can be investigated by
calculating the standard deviation in average firn density for the top 1 m, 1-10 m and 10-20 m depth range (Figure S4). At
Summit the model spread is largest close to the surface with a standard deviation of 7°C. This implies an uncertainty envelope
of £14°C. This model uncertainty envelope increases with melt to £15°C at Dye-2 and +18°C at KAN_U and decreases with
depth with an uncertainty envelope of +8°C on the 10-20 m average firn temperature. These uncertainties applying to
simulated firn density and temperature represent model-based estimates and would apply in the absence of observations to

evaluate model performance directly.

Uncertainty in modelled mass balance
All the models agree on the total refreezing of meltwater at Summit. At other sites, the difference in simulated firn density,
temperature and the liquid water distribution cause the models to allow different amounts of meltwater to refreezing and

runoff and therefore affect the surface mass balance.

At KAN_U, for instance, the impact of the ice slab on the surface mass balance is critical. The differing simulated percolation
patterns lead to varying total amounts of meltwater either refrozen or runoff (Figure 7 and 9). The bucket schemes in
IMAUFDM and UppsalaUniBucket, percolate meltwater through the firn and all the meltwater refreezes below the ice slab
in these models. The deep percolation scheme in UppsalaDeepPerc leads to the same result. In the CFM models, the Richards
equation in the matrix flow domain prescribes relatively slow meltwater percolation through the ice layer and the preferential
flow domain is unable to accommodate all the incoming water. As a result, part of the meltwater is sent to lateral runoff. In
all the other models, the presence of ice layers triggers meltwater ponding and runoff. In 2012, the DTU model presents the
highest runoff, followed by the DMIHH model. In the following years, only DTU, CFM-Cr, CFM-KM and DMIHH models

still calculate minor runoff. Machguth et al. (2016) calculated from firn cores that a 75 + 15% of the surface meltwater went
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to runoff at KAN_U in 2012. Although the observations are subject to considerable uncertainty, they indicate that most of the
models underestimate the runoff at KAN_U in 2012.

480
At Dye-2, all models agree that runoff is minimal compared to refreezing. Yet most models, except the ones using bucket
schemes (IMAUFDM and UppsalaUniBucket), indicate that runoff occurs regularly. Runoff peaked in all models in 2012,
when above average melt was available at the surface. Should melt increase and the near-surface firn permeability further
decrease, Dye-2 would have the potential to turn into an ice slab site as hypothesized by Vandecrux et al. (2018, 2019). .,
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Figure 9. Yearly totals for meltwater runoff and refreezing at KAN_U (a) and Dye-2 (b).

5.3= Firn aquifer

Subsurface runoff at a firn aquifer site

The presence of water in excess of the irreducible water content is not allowed in some of the models: IMAUFDM, Uppsala.
490 This implies that, at the initiation of these models, all the excess water within the aquifer is sent to runoff instantaneously.

The DMIHH model runs off excess water according to the parametrization by Zuo and Oerlemans (1996). This-leads:tothe

gradual decrease of water content within the aquifer.. The GEUS model incorporates a Darcy-like parametrization of the

subsurface runoff and calculates much faster drainage of the aquifer.

495 Representation of aquifers in firn models
Aquifers are currently poorly represented in models, which poses the question of the suitability of the models to simulate
aquifers in Greenland. Forster et al. (2015) used the output from RACMO to map aquifer over the entire ice sheet. However,
the RACMO RCM, using the IMAUFDM firn model, is incapable of modelling actual aquifer (defined as saturated firn).
23
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Instead, areas where the model showed residual subsurface water (within the irreducible water content) remaining in spring
was used as an indicator of areas where firn aquifers might be present. Although this approach succeeds at mapping the current
firn aquifer areas, the difference between what is tracked in the model and what actually happens at firn aquifer puts doubt on
the current capacity of the firn models to predict firn aquifer evolution in future climate. In reality, horizontal water flow at
depth plays a crucial role in the evolution of firn aquifers. However, current firn models are one-dimensional. As such, lateral
water movement is governed by poorly constrained parameterizations, which are unlikely to represent horizontal flow with
fidelity.

Recharge of the firn aquifer

Another challenging question for our understanding of these aquifer sites is: Where and when does the meltwater generated
at the surface percolate down to the aquifer? Firn temperature observations (Figure S3) show that the top 20 m of firn was at
melting point during the 2014 melt season. Thisindicates that meltwater from the surface reached the aquifer: The firn models
do not conclusively answer how and where deep percolation to the firn aquifer takes place. Given the same surface forcing
and initial firn conditions, few of the models: CFM-Cr, CFM-KM, UppsalaUniBucket and UppsalaUniDeepPerc, route water
past 10 m depth. These are the models that use either a dedicated deep percolation scheme or a bucket-type routing scheme

within which the irreducible water content might be set to account for deep percolation.

6. Conclusions

Nine state-of-the-art firn models were forced with massegnd energy fluxes calculated from weather station data at four sites
representative of various climate zones of the Greenland ice sheet. From the comparison of theiraimulated firn temperature,
density and water content and from the validation against various firn observations, we identify specific routines within the
models that are responsible for the models’ behaviours. We later quantify the uncertainty that applies to the firn model outputs

and eventually we identify key topics for future development of models and for the investigation of firn processes.

Model spread and deviation between simulated and observed firn density and temperature is largest at the sites that experience
more-melt::Using twice the models’ standard deviation as an indicator of uncertainty envelop, we find that firn models can
estimate firn density within +60 kg m at a dry snow site and that uncertainty increases to +280 kg m for certain depth ranges
at percolation sites. Runoff-enhancing ice slabs were formed in certain models at a site where they were not observed. At
another site where models were initialized with multi-meter ice layer according to observations, models did not agree on
whether meltwater could percolate through. Eulerian models appear to smooth the firn density profile and dissipate contrast
in firn density independently of the model resolution. Further testing of such model should investigate how this numerical
diffusion affect the firn characteristics over longer runs and in particular how runoff-enhancing ice slabs are represented in
these models The good performance of all models at an almost melt-free site indicates that for the top 20 m of firn, and given

appropriate forcing, the densification laws perform similarly under dry snow conditions. Yet variability in simulated firn,
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[New]: "other models simulate a firn column that is slightly too cold with ME between -0.1 and -0.6 o C. As a result of the prescribed liquid water at depth in the initial conditions, deep firn temperature 425 remains at melting point year-round in all models (Figure 10b), with liquid water at depth in all models except DTU (Figure 10c)."
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[Old]: "Using twice the models’ standard deviation as an indicator of uncertainty envelop, we find that firn models can estimate firn density within ±60 kg m -3 at a dry snow site and that uncertainty increases to ±280 kg m -3 for certain depth ranges 525 at percolation sites. Runoff-enhancing ice slabs were formed in certain models at a site where they were not observed. At another site where models were initialized with multi-meter ice layer according to observations, models did not agree on whether meltwater could percolate through. Eulerian models appear to smooth the firn density profile and dissipate contrast in firn density independently of the model resolution. Further testing of such model should investigate how this numerical diffusion affect the firn characteristics over longer runs and in particular how runoff-enhancing ice slabs are represented in 530 these models The good performance of all models at an almost melt-free site indicates that for the top 20 m of firn, and given 24 appropriate forcing, the densification laws perform similarly under dry snow conditions. Yet variability in simulated firn" 
[New]: "the various densification formulations perform similarly and within observational uncertainty. The ability of firn models in the dry snow area to reproduce measured density profiles has been established from previous comparisons (Steger et al., 2017; Alexander et al., 2019), and can be 440 attributed to the fact that most densification schemes are calibrated against firn density profiles from dry snow areas. The simulated densities at Summit show that densification schemes provide similar outputs, despite modelled temperatures spanning a wide range. Still, the ability of firn densification models to simulate firn changes in a transient climate is less certain (Lundin et al., 2017), and should remain a priority for future study. We also note that densifications schemes developed for dry firn are applied to wet-firn zones, and further research is needed to determine the validity of this 445 assumption. Models exhibit small but clearly discernible differences in firn temperature at Summit (Figure 2b). In our model experiments, downward advection due to accumulation was identical for all models, suggesting that this spread must be caused by the parameterization of thermal conductivity and/or the models’ differing numerical schemes. Also, a suite of models exhibits 450 colder temperatures compared with observations"
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temperature at the dry firn site is an indication that heat transfer through the firn is still not handled accurately in firn models.
The heterogeneous nature of the firn, the presence of vertical ice features in the firn, the variability in surface snow
density/thermal conductivity as well as firn ventilation are processes not currently included in the models and should be
subject of future research.

Differences in simulated firn characteristics lead to different amounts of meltwater retained through refreezing or escaping
the site through runoff. Models that percolate meltwater deeper (resp. shallower) calculate higher (resp. lower) retention
through refreezing and therefore less (resp. more) lateral runoff. Models that include explicit deep percolation schemes did
not compare better to observations of firn temperature and of meltwater percolation at an ice slab site. Yet they were able to
simulate successfully meltwater percolation at ~10 m depth at a firn aquifer site. At that same site, models that used the
Darcy’s law and so-called bucket schemes did not percolate meltwater deep enough to recharge the aquifer but presented
satisfactory results at a cold firn site. Only the models using Darcy’s law compared favourably to observation at the ice slab
site. These mixed results show that even the latest models need development to perform satisfactorily under multiple climate
and with various firn structure. This can only be done with better laboratory and in situ observations of both horizontal and

vertical flow of water in firn and by an understanding of how the spatial representativity of firn models.

Lastly, prescription of fresh snow density and snow grain size could not be investigated in the present work but is expected
to have an important impact on the model outputs. Future measurement campaigns and modelling efforts could help to

understand how these quantities interact with the densification and heat transfer scheme.

7. Data availability

The forcing datasets as well as all the model outputs is available on https://www.promice.org/PromiceDataPortal/. The code

for all the plots are available on https://github.com/BaptisteVVandecrux/RetMIP. The source code for the CFM model is

available at https://github.com/UWGlIaciology/CommunityFirnModel; the GEUS model code can be found at

https://github.com/BaptisteVandecrux/SEB_Firn_model. The RetMIP protocol is available at

http://retain.geus.dk/index.php/retmip/.

8. Funding

This work is part of the Retain project funded by the Danish Council for Independent Research (Grant no. 4002-00234) and
the Programme for Monitoring of the Greenland Ice Sheet (www.PROMICE.dk). Achim Heilig was supported by DFG grant
HE 7501/1-1, Horst Machguth acknowledges support by ERC CoG Nr. 818994 The weather station used at Dye-2 during the
2016 melt season is supported by the Natural Sciences and Engineering Research Council (NSERC) of Canada. ArcTrain and
Arctic Institute of North America (NSTP).
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[Old]: "Differences in simulated firn characteristics lead to different amounts of meltwater retained through refreezing or escaping the site through runoff. Models" 
[New]: "Errors due to inaccurate estimates of thermal conductivity affect firn temperature, densification rates, and 455 meltwater refreezing potential. We recommend that further work investigates potential improvements of the parameterization of thermal conductivity, either using recent studies (e.g., Calonne et al., 2019, Marchenko et al., 2019) or model calibration to observed firn temperature at dry firn locations. Other causes of model-data mismatch could be that certain processes (e.g. radiation penetration, Kuipers Munneke et al., 2009) are not provided to the models, and that uncertainty in the forcing data derived from AWS observations will propagate into the model simulations."
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[Old]: "that percolate meltwater deeper (resp. shallower) calculate higher (resp. lower) retention through refreezing and therefore less (resp. more) lateral runoff. Models that include explicit deep percolation schemes did 540 not compare better to observations of firn temperature and of meltwater percolation at an ice slab site. Yet they were able to simulate successfully meltwater percolation at ~10 m depth at a firn aquifer site. At that same site, models that used the Darcy’s law and so-called bucket schemes did not percolate meltwater deep enough to recharge the aquifer but presented satisfactory results at a cold firn site. Only the models using Darcy’s law compared favourably to observation at the ice slab site. These mixed results show that even the latest models need development to perform satisfactorily under multiple climate 545 and with various firn structure. This can only be done with better laboratory and in situ observations of both horizontal and vertical flow of water in firn and by" 
[New]: "460 5.2. Meltwater percolation and refreezing Many observational studies have demonstrated that there are two pathways for meltwater to infiltrate into the firn, namely by homogeneous wetting front, also called matrix flow, and by preferential flow through vertically extended channels (e.g. Marsh and Woo, 1984, Pfeffer and Humphrey, 1996). Some of the nine participating firn models do include both percolation regimes, and others do not. The lack of preferential flow routines has recently been described as a limitation of firn models 465 (e.g. van As et al., 2016). Yet, little is known about how often this phenomenon occurs in the firn, how deep meltwater is transported, and which process triggers preferential flow. Here, the models that explicitly include deep percolation (CFM-Cr, CFM-KM and UppsalaDeepPerc) overestimate percolation depth and firn temperature at Summit, even though surface meltwater production at Summit is minimal. In their current configurations, the deep percolation schemes seem less adapted for areas with minor melt. Our results suggest that until the physics of preferential flow in firn are better understood, these 470 more-complex models do not necessarily provide better results than simple bucket schemes. We recommend targeted field campaigns and lab studies to better understand preferential flow, and using those to constrain under which firn conditions and meltwater input deep percolation occurs. These steps are necessary to develop accurate deep-percolation schemes in firn models. 475 On the other hand, models that keep meltwater close to the surface -because they do not include any form of deep percolation -exhibit temperatures that are too cold compared with the observations at most sites (DTU, DMIHH, GEUS, IMAUFDM, UppsalaUniBucket). The cold bias could be due partly to an underestimation of thermal conductivity (section 5.1), but also due to insufficient meltwater percolation. The model evaluation at Dye-2 in 2016 indicates a reasonable percolation depth for all these models except DTU. It is conceivable that these models do simulate a reasonable percolation depth, but that the 480 volume of percolating and refreezing meltwater is underestimated. Firn temperature observations and upGPR measurements can detect the presence of liquid water, but currently, no technique allows the vertically resolved measurement of water content. The models that use Darcy’s law (CFM-Cr, CFM-KM, DMIHH, GEUS, MeyerHewitt) use different formulations for the firn permeability (Table 2) which also contribute to differences in meltwater percolation and refreezing results. Firn permeability can be related to grain size and firn density (Calonne et al., 2012). However, firn grain size and permeability 485 observations are scarce, and these variables remain totally unconstrained in current models. Future model evaluation should include the existing data where available (e.g. Albert and Shultz, 2002) and more field observations of these grain-scale characteristics should be collected. 5.3. Ice slabs The formation of ice slabs is a complex interplay between accumulation, densification, meltwater percolation, and refreezing 490 (Machguth et al., 2016). Simulation of ice slabs by a firn model is therefore highly challenging, and success or failure to reproduce ice slabs depends on a number of processes that are closely linked and difficult to disentangle. Models that include"
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[Old]: "an understanding of how the spatial representativity of firn models. Lastly, prescription of fresh snow density and snow grain size could not be investigated in the present work but is expected to have an important impact on the model outputs. Future measurement campaigns and modelling efforts could help to 550 understand how these quantities interact with the densification and heat transfer scheme. 7. Data availability The forcing datasets as well as all the model outputs is available on https://www.promice.org/PromiceDataPortal/. The code for all the plots are available on https://github.com/BaptisteVandecrux/RetMIP. The source code for the CFM model is available at https://github.com/UWGlaciology/CommunityFirnModel; the GEUS model code can be found at 555 https://github.com/BaptisteVandecrux/SEB_Firn_model. The RetMIP protocol is available at http://retain.geus.dk/index.php/retmip/. 8. Funding This work is part of the Retain project funded by the Danish Council for Independent Research (Grant no. 4002-00234) and the Programme for Monitoring of the Greenland Ice Sheet (www.PROMICE.dk). Achim Heilig was supported by DFG grant 560 HE 7501/1-1, Horst Machguth acknowledges support by ERC CoG Nr. 818994 The weather station used at Dye-2 during the 2016 melt season is supported by the Natural Sciences and Engineering Research Council (NSERC) of Canada. ArcTrain and Arctic Institute of North America (NSTP)." 
[New]: "deep percolation (CFM-Cr, CFM-KM and UppsalaUniDeepPerc) grow an ice layer of several metres thickness close to the surface at Dye-2, where no such ice slabs are observed. This model behaviour can be explained by the simulation of water percolation bypassing ice layers and thus refreezing in cold underlying firn. At KAN_U, where ice slabs do exist, the DMIHH 495 and GEUS models predict firn temperatures closest to the observations(lowest RMSE and highest R 2 for the DMIHH, lowest ME for GEUS) when compared to observations (Figure 8d). The performance of DMIHH at KAN_U can be explained by the absence of meltwater infiltration below the ice slab (Figure 8c) which agrees with recent field evidence of the ice slabs’ impermeability (MacFerrin et al., 2019). In DMIHH, the blocking of percolation originates from a simple permeability criterion: if a layer’s density is higher than 810 kg m -3 , then the layer is impermeable, and any incoming meltwater is sent to 500 runoff. The choice of this value was based on work in Antarctica which found that firn permeability reaches zero over a range of densities centred on 810 kg m -3 (Gregory et al., 2014). Unfortunately, such studies remain scarce in Greenland and results do not provide a definite constraint on permeability (e.g. Albert and Schulz, 2002; Sommers et al., 2017). The DTU model uses a similar threshold density to characterize a layer’s impermeability but found that 917 kg m -3 gave the best match with observed firn density profiles (Simonsen et al., 2013). On the contrary, the IMAU-FDM model assumes that, at the 505 horizontal resolution on which it usually operates (1-25 km 2 ), ice layers can be assumed to be discontinuous and are therefore never impermeable. We note that the ice slab has a low, but not null, permeability as illustrated by rarely observed meltwater refreezing events within the ice slab (Charalampidis et al., 2016). Unfortunately, few observations are available to evaluate the effective permeability of ice slabs, both at local and regional scales and either confirm or contradict some of the assumptions made by the models. We recommend further investigation of the permeability of ice-dominated firn in relation 510 to the firn density, the ice layer thickness and the various spatial and temporal scales at which the firn models are used. Two models with a bucket-type percolation scheme, IMAUFDM and UppsalaUniBucket both use irreducible water content established by Coléou and Lesaffre (1998) from laboratory measurements. They consequently present similar percolation depths at KAN_U and Dye-2 (Figure 5 and 8). IMAUFDM and UppsalaUniBucket slightly underestimate percolation depth 515 at Dye-2 in 2016 (Figure 6). This could indicate that the parametrization from Coléou and Lesaffre (1998), in combination with these firn models, overestimates irreducible water content, as suggested by Verjans et al. (2019). The current irreducible water content formulation could be complemented by observations in natural firn or adapted to the specific needs of bucket-scheme models. On one hand, meltwater routing in bucket-scheme models compare favourably to observations and to the DMIHH and GEUS models, which include more advanced meltwater routing schemes (Figure 6). On the other hand, the two 520 bucket-scheme models both overestimate percolation in the presence of an ice slab, like at KAN_U: this is evident from a warm bias there, relative to the observations and to models that inhibit deep meltwater infiltration (Figure 8). Indeed, it was already established that they can overestimate percolation depth,"
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"and parameterisations. As a consequence, firn model outputs have commonly been given without uncertainty range which prevents assessing the robustness of model-based inferences. Taking inspiration fromn previous ensemble-based modelling approaches (e.g. Nowicki et al., 2016), we provide a multi-model estimation of the uncertainty that applies to any simulated 585 value of firn temperature and density, and more importantly, to the simulated values of meltwater retention (through refreezing) and runoff. 6.1. Firn temperature and density uncertainty We see from Figure 2 to 7 that the spread among models increases as we move from the dry snow area to the percolation area, peaking in areas with high-melt features such as ice slabs and firn aquifers. We suggest that the model spread presented 590 here can provide a baseline for uncertainty whenever a single model is used. At Summit, representative of the dry snow area, 20 modelled average density in the top metre of firn have a standard deviation of 13 kg m -3 . Hence, a two-standard deviation"
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"(±2) uncertainty envelope of ±26 kg m -3 , or ±8%, can be used to describe the modelling uncertainty. At Dye-2, representative of the percolation area, the top 1 m average density simulated by the models have a maximum standard deviation of 145 kg m -3 during the 15 year-long simulation. This indicates that a substantial level of uncertainty, ±280 kg m 595 3 , or ±75%, applies to the modelled average density for the top metre. Similar uncertainty (±77%) applies to the modelled top 1 m average density at KAN_U. As for density, the models’ spread in simulated firn temperature can be investigated by calculating the maximum standard deviation of firn temperature at 5 m depth among models. At Summit the ±2 uncertainty envelope on simulated 5 m firn temperature is ±4 o C. This model uncertainty envelope is wider at Dye-2, ±14 o C because of the different meltwater infiltration depths simulated by the models. At KAN_U, the uncertainty in 5 m temperature, within 600 the ice slab is ±10 o C. The uncertainty range increases closer to the surface and at sites or depths where meltwater infiltration may be captured differently by the models. The level of uncertainty, both for density and temperature, increases when narrowing the depth range over which averages are calculated, and conversely. This result indicates that firn models are still very variable when considering a specific depth but agree better when looking at the average firn property over a larger depth range. The uncertainty ranges provided here represent the largest deviation seen among models at each site and are therefore 605 conservative. They can nevertheless be used as a metric for uncertainty in the absence of observational constraints or when using a single model. 6.2. Mass balance The differences among simulated firn density, temperature, and liquid water distribution can cause them to retain and run off 610 different amounts of meltwater and therefore affect the surface mass balance. All the models agree that all meltwater is retained at Summit. At Dye-2 and KAN_U, the inter-model average and ±2 values can be used as a multi-model estimation of the meltwater retention, runoff and of the uncertainty on these estimates. At Dye-2, the DTU model produces unrealistic runoff values (Figure 11c) because of the impermeability of thin ice layers 615 blocking downward percolation and enhancing runoff. We therefore do not consider this model in our multi-model uncertainty estimation. All the other models agree that runoff is minimal compared to refreezing at Dye-2 (Figure 11abc). The bucket-scheme models (IMAUFDM and UppsalaUniBucket) retain all the meltwater generated at the surface. All the other models predict that runoff occurs regularly (Figure 11b), with a peak in 2012. Nevertheless, the uncertainty envelope applying to runoff always includes zero (Figure 11b). In years with absent or minor runoff, the annual refreezing totals reflect 620 the inter-annual variability of surface melt and have uncertainties ranging from 3% to 24% of the average refreezing value depending on the year (Figure 11a). At KAN_U, the impact of the ice slab on the surface mass balance is critical. The different simulated meltwater infiltration patterns (Figure 8c) lead to varying total amounts of meltwater either refrozen or runoff (Figure 11abc). The bucket schemes 625 (IMAUFDM, UppsalaUniBucket) and UppsalaUniDeep percolate meltwater through the firn and all the meltwater refreezes"
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"below the ice slab in these models. In all the other models, the presence of ice layers prevents or slows down meltwater infiltration, triggers ponding and lateral runoff, including in the CFM models where the preferential flow domain is unable to accommodate all the incoming water. The firn models’ uncertainty on annual refreezing ranges from 28% in 2015 to 67% in 2016 relative to each year’s average total refreezing. In 2012, the average runoff among models was 400 mm w.e., about 630 30% of the prescribed surface meltwater. For comparison, Machguth et al. (2016) calculated from firn cores that 75 ± 15% of the surface meltwater went to runoff at KAN_U in 2012. Although the observations are subject to considerable uncertainty, they indicate that most of the models underestimate the runoff at KAN_U in 2012. The spread in the model outputs leads to an uncertainty envelope which includes both zero runoff and the observed value (Figure 11f). 635 We do not evaluate meltwater retention and runoff at FA owing to the major limitations that we highlighted in the current handling of firn aquifers in firn models. In the percolation sites represented here by Dye-2 and KAN_U, the model spread generally increases with increasing surface melt and when more of that melts runs off. We therefore highlight the disagreement of the firn models in their simulations of the meltwater retention, refreezing, and runoff in the lower accumulation area of the ice sheet. High-melt accumulation areas should therefore be the subject of further field 640 investigations to ascertain the actual meltwater retention there and better constrain firn models. Figure 11. Yearly meltwater refreezing (a,d) or runoff (b,e), as totals (a,b,d,e) or fraction of the total meltwater input (c,f) at Dye-2 (a,b,c) and KAN_U (d,e,f). For each panel, yearly inter-model averages (black dots) and ±2 values (error bars) are calculated from all models except the DTU model."
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"645 7. Summary remarks and perspectives Nine state-of-the-art firn models were forced with mass and energy fluxes calculated from weather station data at four sites representative of various climate and firn zones of the Greenland ice sheet. From the intercomparison of their simulated firn temperature, density, and water content, and from evaluation against various firn observations, we identified specific routines within the models that are responsible for the models’ behaviours. We later quantified uncertainties that apply to the firn 650 model outputs and on their evaluation of meltwater retention. We identified key topics for future development of models and for the investigation of firn processes. We identified the following disagreement among models and model-observation discrepancies. Runoff-enhancing ice slabs were formed in certain models at the Dye-2 site where they are not observed. At the KAN_U site, where models were 655 initialized with a several-meter thick ice slab according to observations, models do not agree whether such ice layers allow meltwater infiltration or not. Models that explicitly include deep percolation allow water percolation through the ice slab, which disagrees with the relatively cold observed firn temperatures at depth. At the aquifer site, only deep-percolation models infiltrate meltwater to the aquifer. Nevertheless, all models misrepresent the aquifer either because of the inability of some models to simulate saturated conditions, the different time scales at which the excess water is sent to runoff, and the absence 660 of horizontal subsurface water movement. At all sites, Eulerian models smooth the firn density profile and dissipate contrast in firn density even in a model with high vertical resolution. Further testing of such models should investigate how this numerical diffusion affects the modeled firn characteristics over longer runs and how runoff-enhancing ice slabs are represented in these models. Model spread and deviation between simulated and observed firn density and temperature is largest at the sites that experience more melt. Using twice the standard deviation in model outputs as an indicator of 665 uncertainty envelope, we found that firn models can estimate firn density within ±60 kg m -3 at a dry snow site and that uncertainty increases to ±280 kg m -3 for certain depth ranges at percolation sites. The similarity between modelled and observed firn density at the nearly melt-free Summit site indicates that for the top 20 m of firn, the densification equations perform similarly under dry-snow conditions given identical forcing. However, variability in simulated firn temperature at Summit indicates that heat transfer through the firn is still not handled consistently in firn models. Consequently, none of the 670 tested models compared positively with observations at all four sites. Differences in simulated firn characteristics in the nine models led to different amounts of meltwater being retained through refreezing or escaping the site through runoff. Models that percolate meltwater deeper (shallower) calculate higher (lower) retention through refreezing and therefore less (more) lateral runoff. The spread among models regarding annual meltwater 675 retention is positively correlated with surface meltwater input and reaches 70% in 2012, the highest melt year at KAN_U. Still, during that year, the inter-model average runoff is 28% of the meltwater input. Therefore, assessment of model spread should be conducted at sites presenting higher fractions of meltwater running off."
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"These mixed results show that even the newest models need further development to perform satisfactorily under the wide 680 range of climate and firn conditions of the Greenland ice sheet. We recommend the following topics for future investigations: ● More observations of firn permeability should be conducted both at point and regional scale. Measurements of grain size and other microstructural properties would also help to evaluate the parametrizations currently used by some of the firn models for permeability. These measurements should focus on the lower percolation area where meltwater infiltration and runoff play an important role in the surface mass balance. 685 ● Bucket schemes, which do not calculate firn permeability, would benefit from a density-based impermeability criterion. This criterion needs to be drawn from field evidence at the scale the models operate. ● Recent work on firn thermal conductivity (e.g. Calonne et al., 2019, Marchenko et al., 2019) should also be used to improve the firn models. Furthermore, the impact of vertical ice features and firn ventilation on firn temperature is currently not included in any of the firn models. Firn temperature observations are now available to assess the 690 model performance and should be part of the standard evaluation protocol. ● Eulerian models should be used bearing in mind that they gradually average firn characteristics. This issue does not prevent the use of such models, as long as the features that are being studied (e.g. ice slab, runoff, firn aquifer...) are being defined in ways that are compatible with the Eulerian framework. ● A major rethinking of firn models is necessary to better represent firn aquifer. In these regions, models need to allow 695 saturated conditions and lateral subsurface water flow either explicitly with a multi-dimensional model or through an adapted parameterisation. More field observations are also needed to ascertain the surface meltwater input at these sites, whether near-surface drainage occurs and, if it does, the size of such drainage area. ● Recent efforts were made to explicitly describe heterogeneous meltwater infiltration in firn models. While they allowed better performance at the firn aquifer site, they infiltrate water too deeply and produce positive biases in 700 firn temperature at the dry snow site and the two percolation sites. Further work is needed to understand, under various surface and firn conditions, when heterogeneous percolation occurs, how deep it should reach and how much water it should transport. Only after these questions are understood can a reliable preferential-flow be developed. ● The fresh snow density is known to have an impact on the firn model outputs but was here set to a site-invariant 705 value derived from observations. Fresh snow density is known to vary considerably in space and time although no statistically robust parameterisation exists up to date for the Greenland ice sheet. Future measurement campaigns and modelling efforts could help to prescribe surface snow density and understand how it interacts with the densification and heat transfer scheme. Considering the number of firn characteristics that remain to be investigated and the cost of field surveys, laboratory 710 experiments could be highly valuable if they can address the boundary effects, the scale of the process being investigated, and provide realistic surface and firn conditions. Investigation of the points listed above will collectively improve our understanding of firn and meltwater dynamics, improve the representation of these processes in firn models, and eventually"
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