
 

Dear Editor and Reviewers, 

 

We are grateful for your constructive review of our manuscript. We made our best to address all the 

suggestions and provide an improved and fully revised manuscript. A response to each of the 

reviewers’ comments is given below but we would like to highlight the most important updates of 

manuscript: 

- We now present a research article with improved visuals and more in-depth discussion. 

- We compare our FAC dataset and maps to three regional climate models. 

- The construction of empirical functions is slightly updated, simplified and presented in the 

main text. 

 

We thank the reviewers for improving significantly the study. 

Sincerely, 

 

Baptiste Vandecrux on behalf of the co-authors 

 

 



Review #1 by Sergey Marchenko 

Reviewer’s comment Authors’ response 

General comments 

Physical geography. 

Authors use the mean annual air temperature and net surface accumulation as arguments in 

functions describing the spatial distribution of FAC10. The functions are fitted to minimize the misfit 

with empirical estimates of FAC10 from cores. One important thing that is missing in the text is a 

detailed description of the physical (or may be practical) motivation for the choice of the above 

mentioned arguments. Both characteristics (net annual surface accumulation and mean annual air 

temperature) integrate the effects of processes occurring during the cold and warm parts of a year. 

 

 

Net annual surface accumulation is the result of mass accumulation in winter and surface melt in 

summer. While the first one can be expected to be positively linked with FAC (more accumulation in 

winter -> more pores), the second one can be expected to be negatively linked with FAC (more melt 

-> thinner snow layer by the end of summer with less pores, more water available for refreezing). 

In our study �̅̇� is defined as “net snow 

accumulation” (snowfall + deposition – 

sublimation) and is not “Net annual surface 

accumulation”.  It therefor already 

corresponds to the “precipitation rate” that 

is recommended. We now give more 

explanation in the text. 

Mean annual air temperature can be also separated in two parts: temperature in winter and in 

summer. The principal difference between the two is the likely range of values: significantly 

negative in winter and close to melt point in summer. High winter temperatures can be expected to 

result in a lesser cold content of the subsurface profile, leading to a less active refreezing during 

We now state that our motivation for using 

long term mean annual temperature are 1) 

its control on firn temperature and dry firn 

compaction 2) its control on melt amount in 

the summer. Both temperature-dependent 

processes have a densifying effect on the 



consecutive summer and larger FAC values. Air temperature during the warm part of a year is 

commonly used as a proxy for melt rate (e. g. Ohmura, 2001). High air temperatures in summer lead 

to faster melt and larger potential for refreezing as there is more water available with the effect of 

smaller FAC values. 

As noted above the melt rate (as a contribution to the net annual accumulation) and air 

temperature in summer (as a contribution to the mean annual air temperature) are closely 

correlated and probably interchangeable for the purposes of FAC parameterization. There are, thus, 

3 proxies left: precipitation rate, winter air temperature and summer air temperature (or melt rate). 

Along with gravitational settling liquid water refreezing is one of the two contributors to the density 

increase over time. It can be limited by one of the three parameters: availability of liquid water, 

pore space or cold content. Subsurface temperature and density, defining the FAC, are heavily 

dependent on the relation between the three parameters. 

 

firn and therefore act similarly on the FAC.  

 

We do not aim at quantifying the cold 

content and therefore do not need to 

include the winter temperature.  

 

Also we believe that our dataset does not 

offer the possibility to constrain empirical 

functions taking more than two input 

variables. 

 

Eventually the amount of meltwater 

effectively retained in the firn indeed 

depends on the “availability of liquid water, 

pore space or cold content”. However, this 

is out of the scope of our study and we 

choose to focus on the retention capacity of 

the firn. Future work will need to address 

how this capacity is effectively being used 

under different conditions. 

 

In the course of a temporal or spatial transition towards a warmer climate, air temperature 

increases. The associated rise in melt rates will deliver more water. Depending on whether the 

potential of pore space or cold content will be exhausted first, two different scenarios can be 

applied to a subfreezing firn profile: transition towards superimposed ice nourishment or 

development of a warm firn pack, possibly, with perennial firn aquifers in case runoff is impeded. 

This is exactly what happens in Greenland and what the authors of the manuscript, probably, 

For a matter of conciseness and because we 

do not question or discuss facies definition, 

we choose to cite Shumskii and Benson’s 

work rather than paraphrasing it. The 

reader is left free to investigate the original 

references for more information. 

 

We also added a reference to Braithwaite 



attempted to reproduce by introducing three different domains: DSA, LAWSA and HAWSA. 

The above presented logic goes back to the theory of glacier zones presented in (Shumskii 1955). 

English translation was published in 1964 (see ch. 18 and 20). Definitions of glacier zones are also 

given in Cogley et al. (2011). One can also address the project report Marchenko (2012) and the phd 

thesis (2018) for a detailed description of the logic and Braithwaite et al. (1994) of some aspect 

thereof. The approach was applied by Pfeffer et al. (1991, see appendix there) and Janssens and 

Huybrechts, (2000) for estimating refreezing rates in Greenland. The idea of geographical patterns 

in Greenland firn pack development was recently expressed by Michael MacFerrin the his PhD 

thesis (see ch. 5.2.3), perhaps, worth citing in ch. 2.4 along with the other above published sources. 

 

et al. 1994 for their observation of 

meltwater refreezing “within a wetted layer 

of thickness 2-4 m”.  

One option is to use the three above mentioned parameters as arguments in functions for 

extrapolating and interpolating observed FAC values. That could be precipitation rate and mean 

temperatures during summer and winter months. The latter two can be replaced by either the 

annual sums of positive and negative degree-days or mean annual temperature and some 

continentality index. It is also possible that precipitation expresses continentality to some extent 

with higher values associated with more maritime climates. It is impossible to say without testing, 

but it may be possible to adequately describe the FAC10 values from cores around all of the 

Greenland ice sheet by a sum of three piecewise-linear functions of the earlier mentioned three 

parameters. 

These were just some suggestions and authors are, of course, free to choose the logic used for 

FAC10 estimates. In any case choice of arguments used for the spatial distribution of the empirical 

FAC10 values has to be motivated. 

As mentioned above, we already have one 

predictor (net snow accumulation) for all 

the processes that replenish the FAC and 

another predictor (mean air temperature) 

for all the processes depleting the FAC (firn 

compaction and melt). We do not believe 

that our dataset allow any higher degree of 

complexity. 



 

Comparing results with earlier published data 

I suggest a more extensive referencing of published FAC estimates for the Greenland Ice Sheet. 

There is, apparently, a considerable spread in values of both FAC10 and total FAC. This is noted in 

ch. 3.5 of the manuscript, but should, preferably, appear much earlier, already in the Introduction 

chapter. An overview of the published values would provide one important motivation point for 

undertaking this kind of studies. Furthermore, comparisons of results with published estimates 

could make an interesting discussion as the present study suggests an alternative approach to 

calculation of the firn air content. 

For example, Ligtenberg at al. (2018) make a reference to the dataset containing results of 

simulations on which the publication is build - https://doi.org/10.1594/PANGAEA.884617. A rough 

calculation of the total FAC in Greenland gives the value of 26300 Gt (please see the code used for 

the exercise in the appendix of the review), That is 20 times more than value from Harper et al. 

(2012) referenced in ch. 3.5, p. 8, ln. 8 of the manuscript. Full simulation results are available from 

Ligtenberg et al. and FAC10 value can be also calculated. The earlier study by van Angelen et al. 

(2013) is not referenced at all. It would also be interesting to compare the FAC10 values presented 

in the manuscript with corresponding output from the subsurface component CROCUS of the 

regional climate model MAR, surface data from which is used in the manuscript. Steger et al. (2017) 

also have figures showing FAC estimates for different areas in Greenland derived using the another 

layered model – SNOWPACK. 

 

We now compare our FAC10 dataset to 

existing RCM.  

 

van Angelen et al. (2013) is now cited in the 

introduction. 

Scale of the manuscript We now changed to a research article 



One of the shortcomings of the manuscript is that the reader is forced to refer to supplementary 

material while going through the methods chapter. At the same time the suggested approach to 

deriving distributed FAC values is elegant, novel and promising. 

In case authors decide to introduce a more extensive discussion based on comparison of the results 

with earlier published values and relocate the “methods” figure from the supplementary material 

(S3) to the main paper text, the paper can be reclassified to a “research article” instead of “brief 

communication”, which it is now. 

In case authors will prefer to keep the manuscript as “brief communication”, the number of 

references has to be greatly reduced. The list of references now contains 55 entries, while only 20 

are allowed for this type of manuscripts according to the The Cryosphere protocol 

(https://www.the-cryosphere.net/about/manuscript_types.html). 

I would also suggest to: 

- transfer the table from the main manuscript to the supplement, 

- reduce the number of panels in fig 2 and 3 

- merge panes from fig 3 in fig. 2, 

add the “methods” figure in the main text. 

format. 

 

Figures were updated. 

 

 

Specific comments 

N address Comment Authors’ response 

1 Abstract 

 

Include the estimate of the total FAC in Greenland in Gigatonns. The 

reader see the firn area, the absolute and relative values of FAC10 

decrease in LAWSA, but both values would be more informative if the 

We added the loss of retention capacity in the LAWSA (in Gt) 

to the abstract.  

https://www.the-cryosphere.net/about/manuscript_types.html


Gt estimate would be found somewhere not very far. 

2 Ch. 1, p. 

2, ln. 5-6 

The phrase “for that depth range” seems to be out of place. Changed to “It indicates, for a specified depth range, the 

maximum volume…” 

3 Ch. 1, p. 

2, ln. 9-

11 

Add the quantitative estimates of FAC from Ligtenberg et al., 2018, 

van Angelen et al., 2013, Steger et al., 2017 

We now compare our dataset to the output from three 

RCMs  

4 Ch. 1, p. 

2, ln. 12-

21 

Bring the sentence on deep water percolation evidences from 

Humphrey et al., 2012 earlier, so that it appears second in the 

paragraph. This will group together the evidences of shallow 

percolation from Machguth et al. (2016) and Heilig et al., (2018). 

Here our intention was to show that 1) Braithwaite et al. and 

Heilig et al. give evidence of shallow percolation 2) 

Humphrey et al. give evidence of deep percolation when 

sufficient melt is present 3) Machguth show that in some 

conditions, even when sufficient surface melt is available, 

deep percolation does not occur because of ice layers. 

 

We tried to make it clearer and rephrased the paragraph.  

5 Ch. 1, p. 

2, ln. 13 

Heilig et al., (2018) had their installation at 2120 m asl, not at 2300 m. Updated 

6 Ch. 1, p. 

2, ln. 23 

How does this collection of core data relate to the data from Fausto et 

al., 2018 in Frontiers? They at least partly overlap, as is seen on the 

maps of core locations. 

They use partly the same sources (e.g. PARCA, Sumup…) but 

Fausto et al. focuses on the average density of the top 10, 20 

and 50cm of the snow. As a consequence they also use snow 

pits that we do not use. 

7 Ch. 2.2, 

p. 3, ln. 2 

Same as above 

8 Ch. 2.2., 

p. 3, ln. 3 

”...as part of the FirnCover campaigns...” It is not obvious what is 

“FirnCover campaigns”, are these field activities affiliated with a 

University or some other organization? Either a reference or a 

We removed the name of the fieldwork and refer to 

Machguth et al. (2016) for the field procedure. 

 



description of the routines applied in the field has to be given.  

9 Ch. 2.2, 

p. 3 

I encourage a more extensive use of density data. FAC values are 

secondary with respect to the density-depth profiles. 

 Instead of extrapolating FAC values from too shallow cores, one 

can extrapolate the density profiles. This will make it possible to 

include the description of the extrapolation technique (ch. 2.3, p. 

3, ln. 15-19) in ch. 2,2, right after the first sentence, which seems 

more logical. 

We consider that extrapolating FAC profiles is more 

straightforward as it allows later to evaluate the uncertainty 

associated to our extrapolation method directly in terms of 

FAC10. Also, we do not believe that extrapolating density 

instead of FAC10 would lead to substantial improvement to 

the final extrapolated values. 

   Describe the “upwards extrapolation” technique (the 315 kg m^-3 

value) before describing how gap filling is done. 

Updated. 

   I guess that the data from all cores was resampled to a common 

grid. If yes, then what is the spacing between neighboring nodes? 

Do not let readers guess!) 

Indeed when comparing two FAC10 profiles they need to be 

resampled on the same grid (in our case every cm). We 

believe it is the only method possible and therefore do not 

need to be specified.  

 

The scripts supporting the article are available on GitHub and 

advertised in our acknowledgement for the readers who are 

curious about our sampling strategies. 

10 Ch. 2.3, 

p. 3 

I recommend more descriptive explanation of what FAC is. That also 

includes reformulation of equation [1]. A few tips: 

 Use references! FAC values were calculated earlier. 

We now define the FAC as:  

“The FAC is the integrated volume of air contained in the firn 

from the surface to a certain depth per unit area (van 

Angelen et al., 2012; Ligtenberg et al., 2018). It is a measure 

of the firn porosity and indicative, for a specified depth 

range, of the maximum volume available to store percolating 

meltwater either in liquid or refrozen form (Harper et al., 

2012; van Angelen et al. 2012).” 

https://github.com/BaptisteVandecrux/FAC10_study


 

As a comparison, the only description of FAC in Ligtenberg et 

al. (2018) is: “The firn air content (FAC) is used as an 

integrated measure for the amount of pore space present in 

a firn column and is defined as the vertically integrated 

difference of the firn density and the ice density (taken to be 

917 kg/m3). “ 

   Express FAC values through porosity, which is a widely applies and 

more basic concept – that will make it more understandable for 

an unprepared reader 

We believe there has been more work done on firn air 

content recently (van Angelen et al. 2013; Ligtenberg et al. 

2018) than on porosity. 

We do not believe using porosity would lead to a significant 

improvement of the study. 

   Use [m] for units! It is more straightforward than [m^2 m^-3] and 

more descriptive. 

Updated 

   Using the threshold of 873 kg m^-3 for FAC calculation contradicts 

the very definition of FAC as firn AIR content and also the below 

stated scope of the manuscript (ch. 2.3., p. 3, ln. 13-14). I assume 

that authors prefer to avoid the discussion of permeability of firn 

to water, if this is the case, in has to be stated.  

Indeed it was an error on our side. We now use 917 kg/m3. 

 

Discussion of whether it is filled by infiltration ice or liquid 

water is brought up again in section 3.5. 

 

  The value from Machguth et al. (2016) is a result of study in western 

Greenland. In this manuscript geographical differences in the firn pack 

are one of the main points and using the value seems not logical. 

This point is now discussed in Section 3.5. 

  Ligtenberg et al. 2018 used the physically motivated value of pure ice 

density, 917 kg m^-3, in their FAC assessment for the entire 

Greenland. One can even argue that the value of 1000 kg m^-3 is 

We now differentiate the FAC (calculated 917 kg/m3) and 

the retention capacity (calculated by filling the FAC with ice 

until it reaches infiltration ice density, Harper et al. 2012). 

 



valid: water fills all the pores and then expands, increasing the bulk 

volume. That is known as frost heave and is widely spread in 

permafrost areas. Pingos can be higher than 50 m suggesting that 

lifting 10 m of firn is well possible for frost heave action. 

Firn frost heaves are out of the scope of our study. 

11 Ch. 2.3, 

p. 3, ln. 

23 

What is “sites” here? Is that 1*1 km spatial domains, or “clusters” 

with core data? It also remains not clear why are cores grouped 

according to the original publication? Would you not unite in one 

group cores that are close by (less than 1 km) but come from different 

publications? 

This paragraph was rephrased. 

12 Ch. 2.4, 

p. 4, ln. 1 

“all locations”: what is the grid spacing for FAC10 extra- and 

interpolation and, consequently, for bn and Ta? 

We now specify: 

“To put our FAC10 measurements in their climatic context, 

we extract the long-term (1979-2014) average net snow 

accumulation  b ̇  ̅ (snowfall – sublimation) and air 

temperature (T_a ) ̅ for each FAC10 measurement location 

from the nearest cell in the Modèle Atmosphérique Régional 

(MARv3.5.2; Fettweis et al., 2017)  available at 5 × 5 km 

horizontal resolution.” 

13 Ch. 2.4, 

p. 4, ln. 

10 

The slope of FAC10 against Ta is not much different between HAWSA 

and DSA as it is evidenced by Fig. 1d. 

Indeed the slope was the same. We modified our method 

accordingly.  

14 Ch. 

2.5.1., p. 

4, ln. 28 

What does the Arthern et al., 2010 model take as arguments? We now avoid using dry compaction laws and use a linear 

regression on Ta to describe FAC10 in the DSA. 

15 Ch. Perhaps, a better place to describe the uncertainty quantification logic Updated 



2.5.1., p. 

5, ln. 2 

(UQ) for the DSA is here, not in ch. 3.2. At least for other domains UQ 

is described in ch. 2.5. 

16 Ch. 

2.5.2., p. 

5, ln. 6 

What is the spacing between Ta bins in the “decreasing piecewise-

linear function”? 

We updated the construction of empirical functions and 

replaced this piecewise linear function by a more simple 

bilinear interpolation.  

16 Ch. 

2.5.2., p. 

5, ln. 7 

“to resolve the FAC10 distribution each year”: is this expected at all? 

Reader likely does not expect that, since earlier in ch. 2.5.1. data from 

different years was lumped together. 

Removed. 

17 Ch. 

2.5.3., p. 

5, ln. 25-

27 

From Fig. 1b it is obvious that Ta and bn are strongly correlated. It is 

most probable that this fact above and not the amount of 

measurements explains the poor correlation between bn and 

residuals of the air temperature fit. In other words, adding more data 

will, likely, not help. 

In the revised version we revised our protocol and updated 

these parts. 

18 Ch. 

2.5.3., p. 

6, ln. 5 

Are any routines applied to ensure a smooth transition of the FAC10 

model between HAWSA and DSA? Earlier in ch. 2.5.2. such a routine is 

described for LAWSA-DSA transition. 

19 Ch. 3.1., 

p.6, ln. 

13  

“...average from 18 years of data” – comparing this with what is given 

in ch. 2.1. suggests that “average” is not a valid word here. 

Removed. 

20 Ch. 3.1., 

p.6, ln. 

15-16 

“...we do not believe that...” is not a valid expression. The low 

significance of the FAC in patchy firn just above the equilibrium line 

can be motivated by its likely small thickness. 

Changed to “Owing to the likely thinness of the 

accumulation area lower boundary, we expect the boundary 

does not play a negligible role in the overall retention 

capacity of the firn area.” 



21 Ch. 3.2., 

p.6, ln. 

22 

“...absence of temporal trend...”: it would have been good to show 

that in a figure. 

Now showed in Figure 2b. 

22 Ch. 3.3., 

p.7, ln. 6 

Where is 180 +-78 km^3 coming from? 690-520 =170... Updated 

  How is the uncertainty value of the difference (+-78) calculated? We now state how we calculate uncertainty:  

 

“The uncertainty applying on our estimated FAC10 and FACtot 

at a location cannot be considered independent because all 

estimates are made using the same functions of 𝑻𝒂̅̅ ̅ and �̅̇�. 

Consequently, we consider that the uncertainty of the mean 

of several FAC values is the mean of each value’s uncertainty 

and that the uncertainty of a sum or difference of FAC values 

is the sum of the uncertainty applying on these FAC values.” 

23 Ch. 3.3., 

p.7, ln. 7-

8 

I assume that 150 +-68 Gt comes from multiplying 180 km^3 by the 

assumed ice density (843 kg m^-3) and dividing by the density of 

water (1000 kg m^-3). If that is the case, it needs to be explicitly said. 

This logic is in direct contradiction with the phrase “...if we assume 

that all the air content can be used to store meltwater...”. 

 

Also see the comment n. 9 above. 

 

We updated the way we calculate the firn retention capacity 

from infiltration ice (density 843kgm-3) filling the air 

content, to “the amount of water that needs to be added to 

the firn to bring its density to 843 kg m-3” more in 

accordance with Harper et al. 2012. 

24 Ch. 3.3., 

p.7, ln. 

Perhaps, residuals of fits, widely used in this manuscript, could be of 

help here as well...? Are the differences between the empirical fit and 

The inclusion of RCM now allows to discuss the temporal 

evolution of the FAC (Section 3.6). 



17-19 FAC10 from cores drilled after high melt seasons in 2010 and 2012 

show larger values than other cores? 

25 Ch. 3.4., 

p. 7, ln. 

25 

An observation: the stated mean FAC10 value in HAWSA of 2.4 m 

seems rather low, when visually comparing panels b and c in Fig. 2. It 

is considerably lower than in LAWSA for both periods. Check the 

value! 

We updated the number. 

26  Ch. 3.5, 

p. 8, ln. 

5-11 

As mentioned higher up a more extensive comparison of results of the 

manuscript with previously published FAC values is expected here. 

The fact that Harper et al., 2012 report Greenland-wide FAC10 value 

that is 17 times less than presented here deserves a wider discussion. 

It is claimed that their data had a lesser spatial coverage. But from 

that it does not follow that the FAC10 value should necessarily be less. 

 

We now extract the total firn air content from our estimate 

over Harper et al.’s considered area and compare the two. 

  Then again, results from van Angelen et al., 2013, Steger et al., 2017 

and Ligtenberg et al., 2018 are of high relevance for the discussion. 

The authors are also using MAR data, which, most probably was run 

alongside with the subsurface model CROCUS. What FAC10 values 

does these simulation yield? 

We now compare our work to the output of HIRHAM, 

RACMO and MAR. 

27 Ch. 3.7., 

p. 8, ln. 

26 

Who measured the FAC10 in 2006-2007? This part was removed. 

28 Ch. 4, p. “...21% decrease of FAC10...”: in ch. 3.3, p. 7., ln. 2 an increase of 23% Updated 



9, ln. 16 was reported 

29 Ch. 4, p. 

9, ln. 21-

25 

“FAC10 observations also indicated that meltwater may percolate 

deeper than 10 m from the surface making FAC10 insufficient to 

describe the retention capacity of the firn there.”: is this a result of 

the present manuscript? 

 

This discussion point was removed. 

   

“In a similar way, Machguth et al. (2016) showed that under 

conditions not completely understood, ice formation may prevent 

meltwater from accessing the entire top 10 m of firn.”: there is no 

similarity between this statement and the preceding one, rather 

opposition. What conditions are not completely understood here? 

It looks like authors intend to say here that depending on the 

subsurface conditions (temperature, density, stratigraphy, water 

permeability, slope of the impermeable layers with respect to 

horizontal) a different fraction of the FAC may be effectively used for 

storing the melt water. So, FAC10 is good, but, perhaps, not good 

enough and more research is needed to close the question here... 

 

We removed this point from the conclusion as it was more of 

a discussion point. 

 Fig. 1 Few suggestions: 

 Panel a: It is possible to show not only the spatial but also the 

temporal distribution of the core data by color-coding the year 

This was made impossible with the high clustering of the 

observation sites. We also consider that it does not bring any 

crucial information that is discussed in the text. 



individual cores were drilled. 

 

30   Panel b: may be do not use white-centered markers. Use color 

shading right from the center and add a white border around for 

higher contrast with the background. Try a different color bar, 

white-blue for example: more intuitive and in larger contrast with 

the background. 

Updated 

 

  In the caption add description so that it is more obvious that the black 

line is the domain of the Greenland Ice Sheet firn area in the Ta-bn 

domain. 

   Panels c and d: combine the two panels and show LAWSA and 

HAWSA cores using different colors for the markers. 

31 Fig. 2 It is possible to combine some panels. Panel a and panel c can be 

combined. Panel b (when considered together with c) and panel d 

essentially overlap. When the temporal difference is shown (panel d) 

the significance of panel b drops and, perhaps, the panel can be left 

out. 

We applied your suggestions. 

32 Fig. 3 Combine panels a and c 

33 Fig. S3 3D graphs give a poor representation of the 3D reality. 

Try contour plots for the fitted surfaces with contour lines color-coded 

in the same fashion as empirical markers – FAC10 value. 

Or may be try 2D plots with one parameter on the horizontal and 

We now use 2d plots. 



FAC10 on the vertical axis. Several sets of fit curves plus empirical 

FAC10 values for different ranges of bn will give an understanding of 

how the fit relates to empirical data. 

 

  



Technical corrections 

N address Comment Authors’ response 

1 Literature 

list 

Distinguish between Fausto at al. 2018 in Frontiers (6) and in Geol. Surv. 

Denmark Greenland Bull. (41) by introducing ”a” and ”b” in the year of 

publication. Ambiguity in interpretation of short references along the text is 

now possible as it is (Fausto at al. 2018) in both cases. 

Updated 

 

2 p. 1, ln. 

35 

“...contribute to THE sea-level rise...” Not applied (see 

https://www.nature.com/articles/nature11566 ) 

3 p. 2, ln. 3 “...end-of-summer snowlineS but did...” Updated 

4 p. 2, ln. 4 ”simple” is not a valid term here Removed 

5 p. 2, ln. 8 “...in spite of the diversity of firn structures across the ice sheet...”: replace italic 

by “in characteristics/properties of the firn profile” 

We replaced “structures” by “characteristics” 

6 p. 2, ln. 

23 

We then calculate the FAC10 using a set of 344 firn cores collected between 

1953 and 2017. We finally present the spatial distribution and where possible 

the temporal evolution of FAC10. 

 

Rephrased: 

 

Using a set of 344 firn cores collected between 1953 and 2017 we calculate the 

spatially distributed FAC10 and where possible present the its temporal 

evolution. 

Updated 

We replaced “spatially distributed FAC10” by “ 

spatial distribution of FAC10” 

7 p. 2, ln. Rephrase: “Using these data, we determine the firn area, defined as the region Removed 

https://www.nature.com/articles/nature11566


29 where only snow has been detected during the entire 2000-2017 period.” 

8 Ch. 2.2., 

p. 3, ln. 3 

”...as part of the FirnCover campaigns...” It is not obvious what is “FirnCover 

campaigns”, are these field activities affiliated with a University or some other 

organization? Either a reference or a description of the routines applied in the 

field has to be given. 

We removed the name of the fieldwork and refer 

to Machguth et al. (2016) for the field procedure. 

 

9 p. 3, ln. 

10 

Replace ”section” by ”layer” We changed to “depth interval”. 

10 p. 3, ln. 

16, 18 

”10+ m core” is not a valid expression. Use ”deeper than”. Updated 

11 p. 3, ln. 

16 

”...with THE lowest Root...” 

12 p. 3, ln. 

16 

Rephrase: ”We therefore attach to any...” Changed to “associate” 

13 p. 3, ln. 

17 

Replace ”masurement” by ”estimate”. FAC10 is not measured directly. Since, just like firn density, FAC10 can be 

determined by simple calculations using 

observations of the mass of in a firn core, we 

would like as much as possible to preserve the 

appellation “observation”. 

It is also opposed to the FAC10 value predicted by 

our empirical functions (which are then 

estimations).  

14 p. 3, ln. 

28 

Shorten the sentence to have: “We extract each core site’s long-term (1970-

2014) average net snow accumulation (bn) and air temperature (Ta)...” 

Updated 

15 p. 4, ln. 3- Avoid double referencing to the color and figure number (“amber area in Figure We believe it is clearer if we can guide the reader 



11 1a”). Is amber=yellow? to the appropriate coloured area in the relevant 

figure. Amber was changed to yellow. 

16 p. 6, ln. 6 What are the ”well-known dry-firn compaction equations”? References are 

needed here. 

We now avoid using dry firn compaction schemes 

and use a linear function of Ta. 

17 p. 6, ln. 7 TowardS Updated 

18 p. 4, ln. 

20 

Replace: ”from our” -> “using the” 

  “observations” -> “firn cores” This part was rephrased. 

19 p. 4, ln. 

21 

Replace: “to predict FAC10 anywhere in the firn area” -> “to interpolate and 

extrapolate  FAC10 for the whole firn area” 

Updated 

20 p. 4, ln. 

24 

Form of the functions is not arbitrary. The authors make an attempt to bring in 

physics in the extrapolation of the empirical FAC10 estimates. 

This statement was removed. 

21 p. 4, ln. 

28 

Remove “we” before “tuned the surface snow density” Removed. 

22 p. 4, ln. 

29 

Add “a” after the reference to Figure S3. 

23 p. 5, ln. 4 Add “b” after the reference to Figure S3. 

24 p. 5, ln. 

23 

Replace ”...as additional measurements where FAC...” by ”...as an additional 

proxy of FAC...”  

This sentence was rephrased. 

25 p. 5, ln. 

26 

Replace: “meaning” -> “suggesting” Removed. 

26 p. 5, ln. Replace: “We can make three estimates...” -> “Three principal assumptions are 



28 possible ...” 

27 p. 6, ln. 

12 

Replace: “Spatial heterogeneity in melt and snowfall leave...” -> “Spatial 

heterogeneity in snowfall and melt leave...” 

28 p. 6, ln. 

13 

Replace: “missed by the method of Fausto et al. (2018).” -> “missed by the 

method applied by Fausto et al. (2018).” 

29 p. 6, ln. 

19-20 

Remove the unnecessary paragraph 

30 p. 6, ln. 

21 

Replace ”Assuming a normal 

distribution of errors, 95% of...” -> “Assuming a normal 

distribution of errors with zero mean, 95% of...” 

Removed 

31 p. 7, ln. 1 Subscript in FAC10 symbol Updated 

32 p. 7, ln. 5 “Summing the FAC10 and its uncertainty indicates that...” I assume that lateral 

integration across the domain covering the Greenland Ice Sheet is meant here. 

The phrase, as it is now, can be misinterpreted, one might think that you are 

summing actual values and their assumed uncertainties. 

Now rephrased in Section 2.6. 

33 p. 7, ln. 5-

6 

Replace: ”...of air is contained within...” -> ”...of air was contained within...” Updated 

34 p. 7, ln. 

28 

Add ”b” after ”Figure 1” 

35 p. 8, ln. 2 Rephrase: “...occur at deeper than 10 m” -> “...occur below the depth of 10 m” Remove. 

36 p. 8, ln. 

13 

Rephrase: “...impactS our FAC10 maps...” -> “...impact our FAC10 maps...” Updated 



37 p. 8, ln. 

16 

Rephrase: “...Since Box et al. (2013) giveS 2 m air temperature...” -> “...Since 

Box et al. (2013) give 2 m air temperature...” 

Removed 

38 p. 8 ln. 24 Rephrase: ”...provide insight on how the FAC10 might have been at a given 

place and time.”. For example “what were the properties of...”. 

Also add either “an” before or “s” after “insight” – “an insight” or “insights”, but 

not just “insight”. 

This paragraph was removed 

39 p. 9 ln. 2 “...systematically different than our calculated FAC10...” -> “...systematically 

different FROM our calculated FAC10...”. 

40 p. 9, ln. 3 “A last measurement raises questions...” -> “One more measurement raises 

questions...” 

41 p. 9, ln. 

12-13 

”...to 10 m depth (FAC10) could be calculated” -> “to 10 m depth (FAC10) WAS 

calculated” 

We rephrased the conclusion according to our new 

findings. 

42 p. 9, ln. 

13 

“...three regions on the firn area in which FAC10 where we could fit empirical...” 

-> “...three regions WITHIN the firn area where we fit empirical...” 

43 p. 9, ln. 

17 

“This decreasing FAC10 translates into the loss of...” -> “This decreasED FAC10 

translates into the loss of...” 

44 p. 9, ln. 

18 

“...of meltwater retention capacity 1998-2008 and 2011-2017.” -> “...of 

meltwater retention capacity BETWEEN 1998-2008 and 2011-2017.” 

 

 

  



Reviewer #2 

 

The manuscript describes the firn air content of the Greenland ice sheet. The amount of air in the firn layer is a good measure for the amount of meltwater 

that can be buffered in the ice sheet and that therefore cannot contribute directly to sea level change. A total firn area is presented based on earlier work 

and a compilation of 344 firn cores is used to derive a spatial map of firn air content in the upper 10m (FAC10).  The firn area   is divided into 3 regions: dry 

snow (DSA), low-accumulation wet snow (LAWSA), and high-accumulation wet snow (HAWSA). For the DSA, no change over time has been found from 1953 

to 2017, while LAWSA show a substantial decrease over the last two decades with a FAC loss of ∼25%. 

For me, the manuscript needs substantial revisions before it is suitable for publication in The Cryosphere. The current manuscript is in a sloppy state and 

would have benefited greatly from another review round by its co-authors. With sloppy, I refer to the lack of flow in the text due to typo’s and bad sentence 

structure in general, but also things that should have been spotted by the author or co-authors before submission. I illustrate this with 3 examples, while all 

comments are listed in the rather long list of ‘minor comments’ at the end of this review:  

 

Reviewer’s comments Authors’ response 

1) Some numbers in the manuscript do not add up: the temporal decrease in LAWSA FAC10 is 

noted (P7, L5-7) to be 180 km3 (or 26%, or 150 Gt), while the absolute amounts presented 

are 690 km3 (1997-2008) and 520 km3 (2011-2017).  This results in a difference of 170 km3,  

or 24.6%.  In  the conclusions section, even different numbers are presented (P9, L16-18): 

here, a 21% decrease from 1998-2008 (1997-2008 and 1998-2008 are used interchangeably, 

it seems) to 2011-2017 corresponds to 168 Gt of loss in meltwater retention capacity. Such 

juggling with numbers make the other results also less reliable. 

We apologize for these mistakes 

We now updated the numbers throughout the 

manuscript. 

Both our data and scripts will be made available to 

unsure reproducibility. 

2) There are two references to Fausto et al., 2018 used, but in the text they are not 

differentiated into Fausto et al., 2018a (snow density) and Fausto et al., 2018b (snow-line 

We now differentiate between the two sources. 



elevation). Fausto et al., 2018b is used as basis for one of the main conclusions of the 

manuscript (the firn area extent), but is not well-known -as it is an internal GEUS report- 

compared to the peer-reviewed Frontiers paper (Fausto et al., 2018a). It left me searching for  

a while in the Frontiers paper 

3) The figures need to be upgraded: Figure 1c and 1d are too small, while there is sufficient 

room for expansion; the colour scale used in Figure 2a and 2b does not show sufficient detail; 

Figure 3a is useless due to the colour scale used. 

We changed the color scale according to the suggestions 

of Reviewer #1. 

Next to the above points on the general state of the manuscript, I also have 3 major points 

that need to be addressed before the manuscript should be eligible for publica- tion. 

Afterwards, a list of minor points is given on a line-by-line basis (where P and L refer to page 

and line, respectively). Major Points: 

1. I think the authors should rethink if this manuscript should be considered as a 

normal-size publication in TC or as brief communication (BC). To me, a normal-sized 

publication would fit better with the content of the manuscript. Currently, there are 7 

supplementary figures in the Supplementary Material (SM), which to me is not fitting for a 

BC-style paper. This style has very strict limitations on pages and number of figures to keep 

the publication brief. If the authors feel the need to show more information with extra 

figures, it is better to switch to a normal style publication. This also gives the authors room to 

expand the methodology and include the accompanying figures in the text instead of the SM 

(where much less people will read them). Moreover, the text include three references to 

subjects that are “out of scope for this paper” (P3, L14; P7, L23; P8, L3), while I think it is very 

relevant to include them into the scope of this manuscript. If the publication is expanded to a 

We now present a full size research article, provide better 

discussion and reduce our use of the supplementary 

materials. 



normal-sized, these topics could be properly addressed. If the authors choose to keep the 

manuscript in the BC format, they should at least remove the SM figures. 

2. For the three firn regions of the GrIS, the average FAC10 is given in the 

manuscript: DSA at 4.9 m3 m-2 LAWSA at 4.3 m3 m-2; and HAWSA at 2.4 m3 m-2. This does 

not at all agree with what I would expect. As a consequence, I have strong doubts about the 

empirical relations and method used to calculate the spatial FAC10 maps that lead to these 

average numbers. Based on the published knowledge of the GrIS firn layer, one would expect 

the FAC10-ratio between DSA:LAWSA:HAWSA to be in the order of 5:2:4. In the LAWSA, there 

is low accumulation and substantial surface melt (enough to be considered “wet snow”). 

Most surface melt is refrozen in the cold firn leading to many ice lenses and high densities, as 

observed by for example Harper et al., 2012 and Machguth et al., 2016. If the LAWSA covers 

the entire firn area between the DSA (FAC10 5 m3 m-2) and bare ice (FAC10 = 0 m3 m-2), one 

would expect the average FAC10 to be 2-3 m3 m-2, and not 4.3 m3 m-2 as reported here. For 

the HAWSA on the other hand, the reported FAC10 of 2.4 m3 m-2 is much lower than one 

would expect. The HAWSA is mainly found in the south- and southeast of the GrIS and 

coincides quite well with locations where firn aquifers are found. At these locations, the high 

accumulation and relatively high firn temperatures cause less refreezing of meltwater near 

the surface resulting in deep percolation and recharge of the firn aquifer at depth. As a 

consequence, not many (thick) ice lenses are found in these regions. Due to the high 

accumulation, the firn in the upper 10m is relatively young (3-5 years old), resulting in less 

time to densify compared to low-accumulation regions. Considering this, it is to be expected 

that the average FAC10 of the HAWSA is higher than that of the LAWSA, while the opposite is 

We updated these numbers and now “calculate an 

average FAC10 of 5.1± 0.3 m in the DSA, an average FAC10 

of 2.8 ± 0.3 m in the HAWSA during the 2010-2017 period 

and an average FAC10 of 3.9 ± 0.3 m in the LAWSA during 

the 1998-2008 period, which decreased to 2.6  ± 0.3 m in 

the 2010-2017 period.” 

 

We would like to remind that the HAWSA does not 

characterize only the aquifer region but also stretches 

down glacier to the firn line where no air content is 

available. We therefore expect the FAC10 to be much 

lower than in the DSA for example. 

  

Nevertheless it is true that the average FAC10 calculated in 

the HAWSA remains rather low, potentially explaining 

also the overestimation of RCMs in the HAWSA compared 

to our estimation (Figure 8d). It is now discussed in 

Section 3.6. 

 



reported in this manuscript. In the current manuscript, the above average FAC10 numbers 

are presented without much discussion. Only on P9, L1-6, a couple of sentences are used to 

discuss the HAWSA FAC10. I think it is very important that this is more elaborately discussed! 

If the average FAC10 numbers turn out to be true, this is a very important result as it would 

change our view on how firn (and FAC) is spatially distributed around the GrIS. However, I 

think it is more likely that these numbers show that the method used is not sufficient to 

describe the variations in FAC10. My guess is that either the number of firn cores (or spatial 

diversity in them) is not sufficient to constrain the empirical solution, or the atmospheric 

input of only average accumulation and temperature is not sufficient. 

3. The results of Fausto et al., 2018 (snow-line extent) are heavily used to support 

one of the two main conclusions of the manuscript: the firn area extent of the GrIS. However, 

Fausto et al., 2018 is not a peer-reviewed publication, so their methodology is not tested nor 

reviewed. Here, the results of Fausto et al., 2018 are used without prudence, while some 

discussion on the methods used is needed. If the authors follow up on my suggestion to 

switch to a normal-sized publication, a short methodology can be included in this manuscript. 

The GEUS bulletin is a peer-reviewed journal 

(https://portal.issn.org/resource/issn/1904-4666). We 

also now refer to Fausto et al. 2007 which presented the 

method that Fausto et al. 2018 applied on the more 

recent MODIS data. 

Minor Points:  

P1, L25: “its characteristics are still little known” is better replaced by something along the 

lines of “still little is known about its characteristics”. P1, L25: Remove space between 2000-

2017. 

P1, L26: Provide a percentage with the firn area extent P1, L26: “We also present” 

P1, L27-28: Presenting the results for the DSA (74%) and LAWSA (12%) leaves the casual 

abstract reader wondering what happened to the other 14%. 

We rewrote the abstract. 

https://portal.issn.org/resource/issn/1904-4666


P1, L27-28: “warmest and driest 12%” is not true. Correct would be that it is the driest part of 

the warmest part of the firn area. Please rephrase. 

 

 

P2, L5: “The FAC is the integrated volume” Updated 

P2, L12: firn temperature is also an important constrain the depth to which meltwater might 

percolate. 

P2, L12-16: No mention here of firn aquifers while they are known to have very deep 

percolation (up to 20-30 m). 

P2, L20: I find this a very crude and simple assumption. Both on the drier western side of GrIS 

(Humphrey et al., 2012) and the wetter eastern side (Forster et al., 2014) are indications of 

percolation deeper than 10 meters. By only looking at the upper 10m a substantial amount of 

the retention capacity of the GrIS is missed! 

P2, L21: The maximum volume that can be retained is much higher when the dry interior firn 

is included. An upper limit can be extracted from models (RCM or firn model) for example. 

We now use a simple method to estimate FACtot (the FAC 

of the whole firn layer) from FAC10 and do not rely on the 

assumption that meltwater retention only happens in the 

top 10 m. 

P2, L27: Fausto et al 2018a! 

P3, L1: “From literature, we gathered  ...” 

Updated 

P3, L13: Strange way of notation. Why is there a plus/minus sign in front of the 1, while 1 to 

10 already indicates a range and therefore a lack of precision? And, why is the FAC10 range 

not given as “1 to 5”? P3, L20: Similar to previous comment. 

 

We now give absolute uncertainty. 

P4, L1: Why not use the latest model estimates (HIRHAM, RACMO, MAR), or use all 4 We now use MAR3.5.2 as the principal source for our Ta 



products to have some sort of best estimate. and ba. In the discussion, we show that we can fit equally 

well our FAC10 dataset with the older products from Box 

et al. (2013). We therefore believe that it is necessary to 

apply other sources which will probably fit equally well. 

P4, L4: “(3)” should be “(2)”. 

P4, L8: it is stated that two patterns are evident in Figure 1, which is true. However, 1-2 

sentences of explanation or analysis should be given after such a statement. 

Updated 

P4, L10: Figure 1c and 1d are so small that the variation in slopes is hard to see. Please 

increase these figures, or remove this statement. 

Sentence removed. 

P4, L14: Ta = -16C is taken as the boundary between DSA and WSA, however how true is this 

in a changing climate. It is well documented that GrIS is warming and the ELA increases. 

Currently, the 1970-2014 average temperature is used, but it is likely that the spatial pattern 

of the boundary changes (a lot?) over time. 

The boundary between DSA and WSA is only defined by 

the inflection of the FAC10 curve in Figure 1c. Our dataset 

does not allow us to describe the evolution of this 

inflection point, although it is expected in a changing 

climate. We therefore cannot address this discussion 

point with our dataset and need to work with static Snow 

Areas within which FAC may change through time.  

P4, L28: Interesting to see that the firn model equations of Arthern et al. 2010 are used, while 

6 lines earlier (P4, L22) it is clearly stated that this manuscript attempts to construct a firn 

map without the use of RCM or firn models. . . 

Following your suggestion, we replaced the densification 

equation from Arthern et al. 2010 by a linear function of 

Ta, making our approach fully empirical and avoiding the 

use of firn models that anyway do not fit our dataset. 

P4, L29: Why not use the 315 kg m-3 as reported by Fausto et al., 2018(a)? 

P5, L1-2: Would be interesting to show or list how the various densification laws per- formed, 

and which ones were tested. 

P5, L4: Figure S3 is very complex as they are 3-dimensional. When using multiple 3D figures it 

would help if they are all oriented similarly to make the figure clearer and less dizzying. 

We now opted for 2D plots instead. 



P5, L5: In the WSA, the characteristics are very complex and different depending on slight 

changes in climate forcing, as you also discuss in the introduction. It seems too 

simplistic to constrain this behavior only by average accumulation and temperature. The 

complex behavior is mainly caused by melt intensity and duration, which is not captured by 

using the average temperature. If RCM results would be included, surface melt could also be 

included in the empirical functions. 

We now show that our empirical functions of average 

temperature and accumulation fit our FAC10 dataset 

better than current state of the art RCM. 

However, we do not believe that our dataset allows us to 

use more than two input variables. 

P5, L7: Here, the measurements from different years are grouped (likely to accommo- date 

for climate change), so why was this not done for the boundary between DSA and WSA (see 

comment on P4, L14). 

We now present the deviation between observed and 

estimated FAC10 for each decade in the DSA. 

P5, L23: Due to lack of measurements in the HAWSA, the firn line (where FAC10 = 0) is used 

as an extra observation to better constrain the empirical functions. Would this also be a good 

addition for the LAWSA? It would at least be more consistent. 

The use of remotely sensed firn line is judged less reliable 

than direct FAC10 measurements and is only used when 

insufficient in-situ measurements are available. It is made 

clear that in the LAWSA enough cores are available. 

P6, L8: Should refer to Figure 1a, I think. P6, L18: Should refer to Figure 2a. 

P6, L18: Add comma between region and representing. 

 

Updated 

P6, L23-24: Here, conclusions are drawn about the temporal evolution of the FAC10 in the 

DSA. However, the FAC10 is calculated using the steady-state model solutions of Arthern et 

al., 2010, which makes it difficult to use them for temporal analysis. Steady state density 

profiles have no memory of previous climate and change directly based on the average 

climate input. From the text I cannot sense how much this would influence the results, but 

please add a discussion about this to the manuscript. 

Even though we now use a linear function of Ta in the 

DSA, I believe your question still applies. 

 

If the FAC had been decreasing in the DSA, the fitted 

time-independent linear function would normally 

underestimate older FAC10 measurement and 

overestimate recent FAC10 measurement. In other words, 

the temporal evolution would appear within the residuals 

presented in Figure 2b. 



 

Since it is not the case, we consider that time cannot 

explain any variance in our FAC10 dataset or in other 

words that there has not been detectable temporal 

changes of FAC10 in the DSA. 

P7, L1: FAC10 should be FAC10. P7, L5: Should refer to Figure 2d. Updated 

P7, L5-7: As referred to in the start of this review, the stated difference in FAC10 and the 

difference between the absolute values does not match. 

Indeed there was a mistake from our side. We now 

updated the numbers. 

P7, L8-9: Please rephrase “that had become unavailable by 2011-2017”. 

P7, L11: Multiple references should be in chronological order. 

P7, L12: I would remove “greatly”. I agree that accumulation has a great and immediate 

effect on firn density, however, changes in accumulation over time are almost never 

substantial enough to give a significant effect in FAC. Especially not in places where surface 

melt is involved. 

 

Updated 

P7, L18: The influence of the extreme melt summer of 2010 and 2012 might be minimal at 

some locations with higher accumulation, as the 2010- and 2012-snow and refrozen 

meltwater might be buried below the 10m boundary used in this manuscript. Could you 

indicate for what locations this might be true? 

 

Given a density of 400kgm-3, the upper 10m of firn 

contains 4000kgm-2 of water and for the 2012 horizon 

being buried in 2017 would require 5 years of at least 800 

mm weq yr-1. These areas of high accumulation are 

mainly located in the HAWSA.  Since we describe changes 

in the LAWSA, we do not believe such discussion is 

needed.  

P7, L26: Refer to Figure 2c and Figure 3c. Figures were rearranged. 

P7, L30-31: This is not really a hypothesis. The firn aquifer is studied by multiple papers and it 

is clear that meltwater percolates deeper than 10m and that the high snow accumulation 

We removed this discussion point 



insulates it from the winter cold. Possible references: Kuipers Munneke et al., 2015, Miller et 

al., 2017, Miller et al., 2018. 

P8, L5: It is not the total FAC! The total FAC includes also all FAC below 10m, which is 

substantial in the DSA. 

We now use either spatially summed FAC10. 

P8, L17: Add comma after Nonetheless. Updated 

P8, L21: The way this sentence is written implies that all variations in FAC10 can be explained 

by average accumulation and temperature. This is not the case, so please rephrase. 

We do not mean “all variation” and specify the “spatial 

pattern” so we would like to pursue with the current 

phrasing. 

P8, L13-21: Here, model results are used to estimate the uncertainty in the generated firn 

maps. When comparing to model results, would it not be better to compare to  firn model 

output directly. For example, Steger et al., 2016, Langen et al., 2017, and Ligtenberg et al., 

2018 all present GrIS-wide firn model simulation from which FAC10 could be derived. 

We now compare the output of three RCMs. 

P8, L24: “to be used in mapping FAC10.” 

P9, L5-6: These two options are listed as if they are equally likely. In my opinion, the 

hypothesized drastic decrease in FAC10 is much less likely. 

This paragraph was removed. 

P9, L9: Not true. Fausto et al., 2018 presents the first delineation of the firn area of GrIS. 

Please rephrase. 

Although we believe that the firn line is a product of our 

study and that Fausto et al. 2018 only provided yearly 

snow lines while never even mentioning the word “firn”, 

we now do not stress this result anymore. 

P9, L13: “on” should be “of”. 

 P9, L16-18: As referred to in the start of this review, the numbers for LAWSA FAC do not 

match the numbers in the remainder of the text. 

P9, L17: “FAC10” should be “FAC10”. 

Updated 



P9, L18: add “between” before “1998-2008”. 

P9, L21: FAC10 might not only be insufficient to describes the retention capacity in the 

HAWSA, according to Humphery et al., 2012 there is also deep percolation observed in the 

LAWSA. 

Removed 

Figure 1: - Figure c) and d) should be much larger, while the axis label can be a bit smaller. 

Just use the figure area better. - In b), an interesting peak is visible in the firn area extent 

around T=-11C and b=150 mm yr-1. You would expect that the firn area is a smooth curve 

across the temperature-accumulation space. What area causes this peak and might it not be 

worthwhile to discuss it in the text. 

We updated Figure 1 according to the suggestions from 

reviewer #1. The remotely-sensed firn line is not as 

smooth as one would think when plotted in the Ta-ba 

space. There are many non-climatic factors that can affect 

the position of the firn line: topography, wind-driven 

snow transport, surface roughness, shading from 

surrounding topography…  

Figure 2: - Due to the color scale, Figure 2a show little detail. - No need to show the core 

location again in Figure 2 as they are already shown in Figure 1. - The pattern of FAC10 in 

southwest Greenland on the boundaries from LAWSA to HAWSA looks very abnormal. Since 

you have a transfer-function to go from the DSA to LAWSA (P5, L12-13), why is there not 

transfer function between LAWSA-HAWSA? 

We modified the colour scale according to the 

suggestions of reviewer #1. We keep the location of 

FAC10 observations so that the reader is reminded that 

the FAC10 map is constrained by them and that areas 

with few observations are subject to greater uncertainty. 

 

With our new empirical approach there is a smooth 

transition between LAWSA and HAWSA.  

Figure 3: - Due to the color scale, Figure 3a is useless. - Figure 3b also show very little detail 

for the same reason. Perhaps use a exponential scale. 

We updated that figure, kept the same colours but 

adapted the scale.  
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Abstract. The firn covering the Greenland ice sheet interior can retain part of the surface melt each summer, buffering the 25 

ice sheetsheet’s contribution to sea- level rise. To quantify the , but its characteristics are still little known. Using remote-

sensing observations from 2000- 2017, we estimate that firn covers 1,405,500 ±17,250 km
2
 of the ice sheet. We present 344 

firn-core-derived observations of the top 10 m firn air content (FAC10), indicative of the firn’s meltwater retention capacity, 

we derive from 360 firn observations the Firn Air Content in the top 10 m (FAC10) and in the entire firn column (FACtot). We 

then map . FAC10 remained stable in the coldest 74% of the FAC over the entire firn area using empirical functions of long-30 

term mean air temperature (𝑇𝑎
̅̅ ̅) and net snow accumulation (�̅̇�) fitted to observations. We find that the firn layer contains a 

total 26 800 ±1 850 km
3
 of air, with 6 500 ± 450 km

3
 in the top 10 m. The FAC was stable between 1953 and 2017 in the dry 

snow during 1953-2017, while FAC10 decreased in the warmest and driest 12% of the firn area (𝑇𝑎
̅̅ ̅ ≤-19

o
C), while it 

decreased by 24 ±16% in the low accumulation wet snow area (𝑇𝑎
̅̅ ̅>-19

o
C �̅̇� ≤ 600 mm w.eq. yr

-1
) between 1997-2008 and 

2011-2017 leading to, resulting in a loss of 180 ±78 km
3
 (-26 ±11%) of air from the near-surface firn retention capacity 35 

between 150 ± 100 Gt (top 10 m) and 540 ± 450 Gt (whole firn column). The outputs of three regional climate models 

(HIRHAM5, RACMO2.3p2, MAR3.9) compare well with observed FAC10. However model biases in FACtot and other 
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mismatches with our dataset urge caution when using models to quantify the current and future evolution of the firn air 

content and retention capacity. 

 

1. Introduction 

As a consequence of anthropogenic carbon emissions and subsequent atmospheric and oceanic warming, More than half of 5 

the Greenland ice sheet is losing mass at an accelerating rate, and contributessheet’s current contribution to about 20% of 

contemporary sea- level rise (Bindoff et al., 2013; Nerem et al. 2018). Over half of this mass loss stems from surface melt 

occurring every summer at the surface of the ice sheet and meltwater and subsequent runoff to the ocean (van den Broeke et 

al., 2016). While most runoff originates from the low-lying ablation area, surface melt has recently increased and expanded 

up-glacier into the firn-covered interior of the Greenland During summer, surface melt occurs across a large area of the ice 10 

sheet, even reaching the highest ice sheet (Mote et al. 2007, elevations during extremely warm summers like 2012 (Nghiem 

et al., 2012). Yet, mostMost of the surface meltwater produced in the firn-covered regions percolatesinterior of the ice sheet 

is refrozen into the snow and firn where it refreezes, and does not immediately contribute to sea-level rise (Harper et al., 

2012). Hence theThis retention capacity of the firn area of the Greenland ice is controlled by (i) the areal extent of the firn; 

(ii) the firn air content (FAC); iii) firn temperature;  and iv) firn permeability. In this study, we use in-situ and remotely-15 

sensed observations to estimate the firn’s extent and its air content in the upper 10 m. 

The first attempt to delineate the ice-sheet constitutes a key parameter in sea-level equation. 

 

The firn firn area into characteristic zones dates back to the 1950s  (Benson, 1962). Later studies delineated the firn area 

extent can be tracked using the firn line, which Benson (1962) described as “the highest elevation to which the annual snow 20 

cover recedes during the melt season”.satellite remote sensing (e.g. Nolin and Payne, 2007) but had limited spatial and 

temporal coverage. Recently Fausto et al. (2018a) updated the methods from (2018) publishedFausto et al. (2007) and 

presented maps of remotely-sensed end-of-summer snowline but did not discuss the simple implication of these snowlines 

over the 2000-2017 period that can be used to map the for the firn area extent. 

 25 

A second key characteristic for the retention of meltwater is the firn air content (FAC). The FAC is the integrated volume of 

air contained in the firn from the surface to a certain depth per unit area (van Angelen et al., 2012; .Ligtenberg et al., 2018). 

It is a measure of the firn porosity and indicative,indicates for a specifiedthat depth range, of the maximum volume available 

to store percolating meltwater either in liquid or refrozen form (Harper et al., 2012; van Angelen et al. 2012). While the role 

of FAC in meltwater retention has long been recognized, insufficient data from the firn area in Greenland made it necessary, 30 

until lately, to use simplifying assumptions (e.g. Pfeffer et al., 1991) or unvalidated outputs from regional climate model 

(RCM, van Angelen et al., 2013) to constrain the firn’s meltwater retention capacity.2012).  Harper et al., (2012) gave a first 
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observation-based estimate of this retention capacity of the ice sheet percolation area. Their approach was limited by the use 

of observations from (2012) used two years (2007 and 2008) andof observations from 15 sites along the western slope of the 

ice sheet without regards to the to estimate the spatially integrated FAC of the entire percolation area in spite of the diversity 

of firn characteristicsstructures across the ice sheet (e.g. Forster et al. 2014; Machguth et al., 2016). Estimation of the FAC 

was also made using firn models forced by regional-climate-model (RCM) output (e.g. Ligtenberg et al., More recently, 5 

Ligtenberg et al. (2018) provided a RCM simulation of the FAC which compared well against 62 firn cores. Nevertheless, 

their FAC simulation still underestimated FAC2018) but model results differ significantly from each other in the lower 

accumulation area. Focusing on meltwater percolation, Langen et al. (2017) also compared how the output of HIRHAM5 

RCM compared against 75 terms of firn density profiles while its FAC has not been investigated. and therefore of FAC 

(Steger et al., 2016). 10 

 

The depth to which meltwater may percolate, and therefore the depth to which FAC must be calculated to constrain the firn’s 

meltwater retention capacity, varies with melt intensity and firn permeability (e.g. Pfeffer et al., 1991). Braithwaite et al. 

(1994) reported meltwater refreezing within the top 4 m of the firn in western Greenland at ~1500 m a.s.l. while. Heilig et al. 

(2018) did not observe meltwater percolation belowdeeper than 2.3 m frombelow the surface throughout 2016 melt season, 15 

at 21202300 m a.s.l. also in west Greenland. Both studies indicate indicating that, at specific sites and yearstheir study site, 

only the near-surface FAC was being used to store meltwater. However, in 2007-2009In a warmer region, ~400 km to the 

north and at 1555 m a.s.l., Humphrey et al. (2012)(2012) observed percolation below 10 m, meaning that, for certain firn 

temperature and stratigraphy and given sufficient surface meltwater, the FAC of the whole firn column, from the surface to 

pore-close-off depth, might be used for meltwater retention. Nevertheless, Machguth et al. (2016)(2016) showed that 20 

percolation depth may not increase linearly with meltwater production and that low-permeability ice layers can limit 

meltwater, even if abundant, from accessing the full firn column. Given the complexity of meltwater percolation and the 

limited observations to map percolation depth on the Greenland ice sheet, reasonable upper and lower bounds of the firn’s 

capacity can be estimated by determining both the FAC in the top 10 m of firn (FAC10) and the total FAC (FACtot) (Harper et 

al. 2012). FACtot is also valuable information to convert remotely-sensed Greenland ice sheet surface height changes into 25 

mass changes (Simonsen et al. 2013; Sørensen et al., 2011, Kuipers Munneke et al. 2015a).melt intensity and that refrozen 

meltwater can reduce percolation, subsequently preventing meltwater from accessing part of the FAC. Due to the absence of 

an ice-sheet-wide estimation of percolation depth and to the scarcity of firn observations covering the whole firn column, we 

here focus on the top 10 m of firn, for which numerous observations cores are available, and assume that the firn air content 

in these top 10 m (FAC10) represents the maximum volume of meltwater that can be stored in the firn. 30 

 

In this study, we first estimate the firn area extent using remotely-sensed end-of-summer snow extent maps from Fausto et 

al. (2018a). ., (2018). We then usecalculate the FAC10 using a set of 360344 firn observationscores collected between 1953 

and 2017 to calculate. We finally present the spatial distribution of FAC10 and where possible present itsthe temporal 
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evolution. A simple extrapolation is introduced to estimate the FACtot from the FAC10. By spatially integrating FAC10 and 

FACtot over the firn area, we calculate the lower and upper bounds of the firn retention capacity. Finally, we evaluate the 

performance of firn simulations in three regional climate models (RCMs), commonly used to evaluate firn retention capacity, 

but never validated with such extensive firn data collection of FAC10. 

2. Data and methods 5 

2.1. Firn area extent 

Fausto et al. (2018) used surface radiance remotely sensed by the MODIS Terra satellite between 2000 and 2017 along with 

in-situ measurements of albedo at PROMICE automatic weather stations (Ahlstrøm et al., 2008) to estimate the end-of-

summer snow-covered and bare ice areas. Using these data, we determine the firn area, defined as the region where only 

snow has been detected during the entire 2000-2017 period. 10 

2.2.2.1. Firn cores dataset 

We gathered from the literature 324 published firn-density profiles from cores that were at least 5 m long (Table 1). To 

these, we add and S1 of the Supplementary Material) supplemented by 20 firn cores extracted in April-May 2016 and 2017 

as part of the FirnCover campaigns and for which the density was measured at 10 cm resolution following the same 

procedure as Machguth et al. . Potential(2016). Most of these density profiles are available in Montgomery et al. (2018). 15 

When near-surface snow densities were missing, we assigned a density of 315 kg m
-3

 (Fausto et al., 2018b) to the top cm and 

interpolate over the remaining gaps in the density profilesprofile were filled using a logarithmic function of depth fitted to 

the available densities. 

 

Table 1. List of the publications presenting the firn cores used in this study. 20 

Source Number of cores  Source Number of cores 

Albert and Shultz (2002) 1  Langway  (1967) 1 

Alley (1987) 1  Lomonaco et al. (2011) 1 

Bader (1954) 1  Machguth et al. (2016) 28 

Baker (2012) 1  Mayewski and Whitlow  (2016a) 1 

Benson  (1962) 55  Mayewski and Whitlow  (2016b) 1 

Bolzan and Strobel (1999) 9  Miège et al. (2013) 3 
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Buchardt et al. (2012) 8  Morris and Wingham (2014) 66 

Clausen et al. (1988) 8  Mosley-Thompson et al. (2001) 47 

Colgan et al. (2018) 1  Porter and Mosley-Thompson  (2014) 1 

Fischer et al.  (1995) 14  Reed (1966) 1 

Forster et al. (2014) 5  Renaud  (1959) 7 

Hawley et al. (2014) 8  Spencer et al. (2001) 8 

Harper et al. (2012) 32  Steen-Larsen et al. (2011) 1 

Jezek (2012) 1  Vallelonga et al. (2014) 1 

Kameda et al. (1995) 1  van der Veen et al. (2001)   10 

Koenig et al. (2014) 3  Wilhelms (1996)   13 

Kovacs et al. (1969) 1  This study 20 

 

 When near-surface snow densities were missing, we assigned a density of 315 kg/m
3
 (Fausto et al., 2018) to the top 

centimetre of snow before the gap-filling.In addition to our collection of firn density, we use the end-of-summer snowlines 

from Fausto et al. (2018a) to delineate the minimum firn area, which are the 1,405,500 km
2
 where snow is always detected 

during the 2000-2017 period. Moving this firn line 1 km inward or outward (the resolution of the product from Fausto et al. 5 

(2018a)) suggest an uncertainty of ±17,250 km
2
 (~1%). This uncertainty applies on the margin of the firn area where 

ephemeral or thinner firn patches may exist outside of our delineation. Owing to the likely thinness of the accumulation area 

lower boundary, we expect the boundary does not play a negligible role in the overall retention capacity of the firn area. 

 

2.3.2.2. Calculation of the FAC10 10 

For a discrete density profile composed of N sections and reaching a depth 𝑧, the FACFAC10 in m
3 

m
-2

 is calculated to depth 

 𝑧𝑁 as: 

𝐹𝐴𝐶𝑧 = 𝐹𝐴𝐶𝑧𝑁
=  ∑ 𝑚k (

1

𝜌k
−

1

𝜌𝑖𝑐𝑒
)N

k=1 ∑ 𝑚k(1/𝜌k − 1/𝜌𝑖𝑐𝑒)N
k=1        [1] 

where, for each depth intervalsection k, 𝜌𝑘 is the firn density and 𝑚𝑘 is the firn mass. 𝜌𝑖𝑐𝑒  is theThe density of the ice formed 

after meltwater infiltration and refreezing, 𝜌𝑖𝑐𝑒, is set to 917 873 kg m
-3

 after Machguth et al. (2016). /The value for 𝜌𝑖𝑐𝑒 was 15 

seen to vary within ±25 kg m
-3

 by Machguth et al., 2016 and Harper et al., 2012 used a value of 843 kg m
-3

. Changing 𝜌𝑖𝑐𝑒  

by ±25 kg m
-3

 leads to a variation of ±1 to 10% for FAC10 values ranging from 5 to 1 m
3 

m
-2

. Addressing the variability of 

𝜌𝑖𝑐𝑒  and its potential drivers is beyond the scope of this study. 
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With 121 cores shorter than 10 m in our dataset, we need to extrapolate shallow measurements to a depth of 10 m. We do 

this by findingFor that we find the 10+ m long core that best matches the FAC vs. depth profile of the shallow core, with the 

lowest Root Mean Squared Difference (RMSD) amongst all available cores, and append the bottom section of this ‘twin’ 

core to the FAC profile of the shallow core (see Figure S1 of the Supplementary Material). When testing this methodology 

on the available 10+ m long cores deeper than 10 m, from which we remove the deepest 3 m of the FAC profile, we find a 5 

mean difference between extrapolated and real FAC10 inferior to 1% and a RMSD of 0.3-15% for FAC10 values ranging from 

5 to 1 m
3
 m

-2
. 

 

The accuracy of the firn density measurementsand infiltration ice densities as well as the effect of spatial heterogeneity can 

be assessed by comparing FAC10 measurements located within 1 km and collected in the same year (Figure S2 of the 10 

Supplementary Material). AThe standard deviation below 0.15 m is found in the majority of the of co-located and 

contemporaneous FAC10 observations is below 0.15 m
3 

m
-2

 for the majority of sites (20 of 27 groups of comparable 

observations).). We assigntherefore attach to any FAC10 measurementsmeasurement an uncertainty of ±0.3 m
3
 m, i.e.,

-2
, 

twice the standard deviation, ±6 to 30% for FAC10 values ranging from 5 to 1 m
3 

m
-2

. 

2.4.2.3. Zonation of the firn air content 15 

The FAC10 is calculated from the firn density which depends, among other parameters, on the local near-surface air site’s 

temperature and snowfall rate (Shumskii, 1964). The site’s air temperature is a proxy for summer melt and refreezing within 

the firn, as well as firn temperature and compaction rates. Through these processes, air temperature has a lowering effect on 

FAC10. On the other hand, snow accumulation introduces porous fresh snow history and on meltwater refreezing at the 

surface and has an increasing effect on FAC10. To put our FAC10 measurements in their climatic context, we depth (Reeh, 20 

2008). We extract theeach core site’s long-term (19791970-2014) average net snow accumulation  �̅̇�  (snowfall – 

sublimation) and and long-term (1970-2014) average air temperature 𝑇𝑎
̅̅ ̅ for each FAC10 measurement location from the 

nearest cell in the Modèle Atmosphérique Régional (MARv3.5.2; Fettweis et al., 2017)  available at 5 × 5 km horizontal 

resolution.respectively from Box (2013) and Box et al. (2013) (Figure 1a). We also find  �̅̇� and  𝑇𝑎
̅̅ ̅ for all locations that occur 

within the firn area derived in this study (outlined area in Figure 1b). 25 

In accordance withBorrowing the terminology from Benson (1962), we define three regions where FAC10 shows distinct 

behaviourmarkedly different behaviours: (1) the dry snow area Dry Snow Area (DSA, yellowamber area in Figure 1a); (23) 

the low accumulation wet snow areaLow Accumulation Wet Snow Area (LAWSA, red area in Figure 1a); (3) the high 

accumulation wet snow areaHigh Accumulation Wet Snow Area (HAWSA, green area in Figure 1a). The DSA encompasses 

low temperature regions of high altitude and/or latitude where melt is uncommonrare and where FAC10 can be 30 

relatedexplained by a linear function of  𝑇𝑎
̅̅ ̅ (yellow markers in Figure 1c). Towards higher well-known dry-firn compaction 
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equations dependent on �̅̇� and  𝑇𝑎
̅̅ ̅, i.e. at   (amber area in Figure 1a). Toward higher  𝑇𝑎

̅̅ ̅ (lower altitude and/or latitude,) two 

patterns are visible in Figure 1c. Firstly, atevident. At lower  �̅̇� sites, in the LAWSA, more scatter appears in FAC10, and a 

slope change occurs in the FAC10’s temperature dependency (Figure 1c). Secondly, atAt higher  �̅̇�  (in the HAWSA), the few 

available FAC10 observations describe a similar temperature dependency as in the DSA even though they are in relatively 

warm regions where melt occurs more frequently and cannot be referred to as “dry”. FAC10 observations in the HAWSA are 5 

up to five timesFAC10 remains higher than at locations with similar 𝑇𝑎
̅̅ ̅ in the LAWSA (Figure 1cand the slope of the 

temperature dependency is different from the one found in the DSA or LAWSA (green area in Figure 1d). 

 

The boundary between the coldcolder (DSA) and warmwarmer regions (LAWSA and HAWSA) can be defined as the 

temperature where an inflection occurs in the linear dependency of FAC10 to  𝑇𝑎
̅̅ ̅ (Figure 1c). The transition between areas, 10 

just as between the facies described by Benson et al. (1962), is gradual, but for our analysis, we set this boundary to  𝑇𝑎
̅̅ ̅ = -19 

o
C. Nowhere the dry firn densification cannot explain FAC10 variations and increasing scatter appears in the FAC10 values 

(Figure 1c). We set this threshold to  𝑇𝑎
̅̅ ̅ = -16

o
C as it is the temperature for which the standard deviation of FAC10 within 

1
o
C-wide bins first exceeds 0.3 m

3
 m

-2
 (Figure 1c). Few firn observation iscores are available in the transition zone from the 

LAWSA to the HAWSA. A and a boundary could be anywhere between 543 mm w.eq./yr (core with highest accumulation 15 

in the LAWSA, Figure 1b1a) and 650762 mm w.eq. yr
-1

 (core with lowest accumulation in HAWSA, Figure 1b1a). We 

chose the rounded value of  �̅̇�  = 600 mm w.eq. yr
-1

 to separate LAWSA from HAWSA. The spatialgeographical delineations 

of the DSA, LAWSA and HAWSA are illustratedpresented in Figure 1a.  
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Figure 1. a) Spatial distribution of the FAC10 dataset. The DSA, LAWSA and HAWSA are indicated respectively using yellow, 

green and red areas. b) Distribution of the dataset in the accumulation-temperature space (�̅̇� and 𝑻𝒂
̅̅̅̅ ).  FAC10 value is indicated by 

a coloured marker. Black lines and shaded areas indicate where the firn is detected in the accumulation-temperature space. c) 

Temperature dependency of FAC10 in the DSA (yellow markers), LAWSA (red markers) and HAWSA (green markers). 5 

2.5.2.4. Firn air content mapping 

To map FAC10 over the entire firn area from our collection of observations, we fit empirical functions to the FAC10 

observationsof �̅̇� and  𝑇𝑎
̅̅ ̅  to FAC10 measurements and use these functions to spatially interpolate and extrapolate FAC10. The 

construction of predict FAC10 anywhere in the firn area. We prefer this empirical approach to purely statistical approaches 

(e.g. kriging) or to the use of RCM and firn models which still do not accurately reproduce observations of firn densities and 10 

thus FAC10 in the lower accumulation area (Steger et al., 2016; Langen et al., 2017). The form of these empirical functions is 

described in the following sections and an overview of their form and their associated dataarbitrary but is presented in Table 

2. 

 

Table 2. Overview of the empirical functions fitted to FAC10 observations in each region of tightly constrained by the firn area.  15 
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Area Period Form Observations used for fitting 

DSA 1953 - 2017 Linear function of 𝑇𝑎
̅̅ ̅ (Eq. 2) 

 259 from the DSA 

 11 from the HAWSA 

LAWSA 

& 

HAWSA 

2010 - 2017 
 Smoothed bilinear function of 

𝑇𝑎
̅̅ ̅ and  �̅̇�. 

 

 Cannot exceed the FAC 

estimated with Eq. 2. 

 25 from the LAWSA 

 10 from the HAWSA 

 6 selected from firn line in the HAWSA 

LAWSA 1998 - 2008 

 38 from the LAWSA 

 1 from the HAWSA 

 6 selected from the firn line in the HAWSA 

 

2.4.1. Dry Snow Area 

2.5.1. Dry Snow Area 

In the DSA, we use the steady-state firn densification model by Arthern et al. (2010) and we tune the surface snow density to 

302 kg m
-3

 through least squares method to match the 209 available FAC10 observations (Figure S3 in the Supplementary 5 

Material). We also investigated other densification laws and the one from Arthern et al. (2010) gave the best match with 

FAC10 observations. 

2.5.2. Low Accumulation Wet Snow Area 

FAC10 observations in the LAWSA are correlated with �̅̇� and anti-correlated with  𝑇𝑎
̅̅ ̅ (Figure S3 in Supplementary Material). 

We therefore constrain the form of our empirical function FAC10̂(�̅̇� , 𝑇�̅�) to the sum of an increasing linear function of �̅̇� and 10 

a decreasing piecewise-linear function of  𝑇𝑎
̅̅ ̅ . There are an insufficient number of observations to resolve the FAC10 

distribution each year, so we group measurements from different years until there are enough points in each group to 

constrain our empirical function. We therefore group 10 observations from 1997-1998 (having good spatial coverage but 

limited number of cores) with 35 measurements from 2005-2008 (numerous but geographically concentrated) and fit a 

function  FAC10̂1998−2008
(�̅̇� , 𝑇�̅�)  to them. We also group 35 FAC10 observations from 2011-2017 to which we fit a 15 

function FAC10̂2011−2017
(�̅̇� , 𝑇�̅�). To allow a smooth transition between these empirical functions used in the LAWSA and 

the one used in the DSA, we also include in the fitting process the FAC10 observations available in the lower DSA where -

17
o
C ≤ 𝑇𝑎

̅̅ ̅ < -16
o
C. 

In the DSA, the 259numerous FAC10 observations obtained between 1953 and 2017 depend linearly on their local 𝑇𝑎
̅̅ ̅ (Figure 

1c). This dependency is the same for the 11 FAC10 observations from the HAWSA. We consequently use a linear function of 20 
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𝑇𝑎
̅̅ ̅ fitted using least squares method to the FAC10 observed in both DSA and HAWSA (Figure 2a) binned into four equal 𝑇𝑎

̅̅ ̅ 

ranges (to avoid the overrepresentation of clustered data) to estimate the FAC10 in the DSA. 

 

2.4.2. Wet Snow Areas 

In the LAWSA and in the HAWSA, FAC10 observations exhibit a more complex dependency to  �̅̇� and 𝑇𝑎
̅̅ ̅ (Figure 1b and 5 

1c). Additionally, observations are unevenly distributed in space and time which forces us to group FAC10 measurements 

into time-slices that contain enough FAC10 observations to describe the spatial pattern of FAC10 and constrain our empirical 

functions. 

 

Over the 2010-2017 period, 25 FAC10 observations were made in the LAWSA, from the transition with the DSA down to the 10 

vicinity of the firn line. During that same period, 10 firn cores were collected in the HAWSA. Unfortunately, in addition to 

their small number, the cores are located relatively far into the interior of the ice sheet and do not describethey should fit. In 

this section, we briefly explain how the FAC10 decreases in parts of the HAWSA closer to the firn line. We consequently 

complementwe build these firn cores with 6 sites selected on the remotely-sensed firn line where FAC10 is assumed to be 

null (Figure S3).functions while further details and illustrations are available in Figure S3 of the Supplementary Material. 15 

 

We define our empirical function, valid in the LAWSA and HAWSA for the 2010-2017 period, as a smoothed bilinear 

function of 𝑇𝑎
̅̅ ̅ and  �̅̇� fitted through least squares method to the available observations (Figure 3a). We do not allow that 

function to exceed the linear function of 𝑇𝑎
̅̅ ̅ that describes FAC10 measurements in the DSA and in the interior of the 

HAWSA or to predict FAC10 below 0 m. The empirical function is then used to estimate the FAC10 in both the LAWSA and 20 

HAWSA during the 2010-2017 period. 

 

In the years preceding 2010, insufficient data are available to document the FAC10 in the HAWSA. In the LAWSA, however, 

34 observations were made between 2006 and 2008 and three cores were collected in 1998. We group these measurements to 

describe the spatial distribution of FAC10 in the LAWSA during the 1998-2008 period and to fit another function, this time 25 

only valid in the LAWSA during the 1998-2008 period,  also smoothed bilinear function of  𝑇𝑎
̅̅ ̅ and  �̅̇� . To ensure that our 

empirical function has realistic values towards the transition with the HAWSA, we also include one core collected in the 

HAWSA in 1998 and the previously described six locations from the firn line in the fitting process (Figure 3a). 

 

We investigate the robustness of our empirical functions in the HAWSA and LAWSA using,method using a sensitivity 30 

analysis for each period separately, the following sensitivity analysis.. For 1000 repetitions, we apply four types of 

perturbations to the FAC10 randomly exclude four observations (respectively 9% and 11% of the observations in 1997-2008 
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and 2011-2017) and fit our empirical function to this perturbed dataset. The effect of the availability of FAC10̂(�̅̇� , 𝑇�̅�)  to the 

remaining measurements in the LAWSA is tested by randomly excluding four observations in that region (respectively 16% 

and 11% of the observations in 1998-2008 and 2010-2017). The effect of uncertainty in the firn line location in the (𝑇𝑎
̅̅ ̅ ,   �̅̇�) 

space is tested by adding a normally distributed noise with mean zero and standard deviation 3 
°
C to the 𝑇𝑎

̅̅ ̅  of firn-line-

derived FAC10 (illustrated in Figure S3). The effect of the uncertain FAC10 value at the firn line is assessed by assigning to 5 

the points selected from the firn line a random FAC10 value between 0 and 1 m. Finally, the effect of the smoothing applied 

to the bilinear interpolation of FAC10 measurements is assessed by modifying the amount of smoothing applied.. We then 

calculate the standard deviation of all possible estimated FAC10FAC10̂ at each (𝑇𝑎
̅̅ ̅ ,   �̅̇�) (�̅̇� , 𝑇𝑎

̅̅ ̅) location and double it to 

quantify the 95% envelope of uncertainty that applies to any estimatedpredicted FAC10 in the LAWSA and HAWSA 

depending on (𝑇𝑎
̅̅ ̅ ,   �̅̇�). We(�̅̇� , 𝑇𝑎

̅̅ ̅). Since we do not consider that the uncertainty applying on an estimated FAC10prediction 10 

can be smallermore precise than the one of FAC10 observations. We consequentlyfield measurements, we set 0.3 m
3 

m
-2

 as 

the minimum possible uncertainty on any estimated FAC10.High Accumulation Wet Snow Area 

The HAWSA is described by only 15 firn cores drilled between 2010 and 2017 at 7 sites in the interior of the HAWSA, more 

than 20 km from the firn line. To overcome the scarcity of observations we use our remotely-sensed firn line as additional 

measurements where FAC10 = 0 m
3
 m

-2
. We then fit our empirical function FAC10̂(�̅̇� , 𝑇�̅�) as follows. In the surroundings of 15 

the core sites, we use a linear function of 𝑇𝑎
̅̅ ̅  fitted through least squares to the FAC10 observations:   FAC10

̂ ( 𝑇𝑎
̅̅ ̅)    =

 −0.07 ∗  𝑇𝑎
̅̅ ̅ + 3.4  (RMSD = 0.25 m

3
 m

-2
, Figure S3 in the Supplementary Material). The residuals of this fit did not show 

any correlation with �̅̇� meaning that not enough measurements are available to disentangle the control of �̅̇� and 𝑇𝑎
̅̅ ̅ on FAC10 

in the HAWSA.  We then need to describe how the FAC10 decreases from the core sites down to 0 m
3 

m
-2

 at the remotely-

sensed firn line. We can make three estimates: i) a mid-range estimate where FAC10 is bilinearly interpolated between the 20 

available firn cores and the firn line; ii) an upper-range estimate where FAC10 follows the temperature dependency presented 

above until the firn line where it drops abruptly to 0 m
3 

m
-2

; and iii) a lower-range estimate where the FAC10 drops to 0 m
3 
m

-

2
 shortly after the observations. These three surfaces are presented in more detail in Figure S3 in the Supplementary Material. 

The mid-range estimate is considered as our most realistic estimation and is the empirical function FAC10̂(�̅̇� , 𝑇�̅�) we use for 

the mapping of FAC10 in the HAWSA while half the spread between the upper- and lower-range estimates quantifies the 25 

uncertainty applying to our FAC10 map 

2.5. Estimation of the FACtot 
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While FACtot may be calculated from the surface down to pore close off depth (Ligtenberg et al., 2018), to allow comparison 

with HIRHAM5 which sometimes do not reach pore close off, we calculate FACtot from the surface to 100 m depth. Only 29 

of our 360 firn observations reach depths greater than 100 m so we complement them by 13 observations from Harper et al. 

(2012) that estimated FACtot  at their core sites from ground penetrating radar. A linear function is fitted to these data and is 

used to estimate FACtot at the rest of our FAC10 observation sites. 5 

2.6. Spatially integrated FAC, uncertainty and retention capacity 

For each region, the spatially integrated FAC is the sum of the entire firn air volume either within the top 10 m or in the 

whole firn column. The uncertainty applying on our estimated FAC10 and FACtot at a location cannot be considered 

independent because all estimates are made using the same functions of 𝑇𝑎
̅̅ ̅ and �̅̇� . Consequently, we consider that the 

uncertainty of the mean of several FAC values is the mean of each value’s uncertainty and that the uncertainty of a sum or 10 

difference of FAC values is the sum of the uncertainty applying on these FAC values. 

From the FAC, we calculate the firn’s maximum retention capacity, which Harper et al. (2012) defined as the amount of 

water that needs to be added to the firn to bring its density to 843 kg m
-3

, the density of infiltration ice. 

2.7. Comparison with Regional Climate Models 

We compare our FAC observations and maps to the available firn products from three RCMs:  HIRHAM5, RACMO2.3p2 15 

and MARv3.9. The two versions of HIRHAM5 presented in Langen et al. (2017) are used: with linear parametrization of 

surface albedo (thereafter referred as HH_LIN) and MODIS-derived albedo (thereafter referred as HH_MOD). Because of 

model output limitation, only FACtot could be extracted from the RACMO2.3p2 output presented by Ligtenberg et al. (2018) 

and the FAC10 was extracted from the more recent downscaled model output by Noël et al. (2019). MARv3.9 was presented 

in Fettweis et al. (2017) and simulates only FAC10 because of a shallower subsurface domain.  20 

3. Results and discussion 

3.1. Delineation of the firn area 

The firn area, illustrated in Figure 1b, covers at least an area of 1,405,500 km
2
 or 78.5 % of the ice sheet (when compared to 

the contiguous ice extent from Citterio and Ahlstrøm (2013)). Moving the firn line 1 km in- or outwards (the resolution of 

the MODIS surface radiance product) suggest an uncertainty of ±17,250 km
2
 (~1%). However, one should keep in mind that 25 
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the firn line is an idealized view of a patchy and gradual transition from bare ice to snow and firn that survived the summer 

melt in previous years (Benson, 1962). Spatial heterogeneity in melt and snowfall leave isolated snow and firn patches at the 

end of the melt season which might be missed by the method of Fausto et al. (2018). Using the average from 18 years of data 

gives a robust firn line and reduces the noise from local heterogeneities but also provides the absolute minimum extent of the 

firn area during 2000-2017. Ephemeral or thinner firn patches may exist outside of our strict delineation but we do not 5 

believe they play an important role in the overall retention capacity of the firn.  

3.1. FAC estimation 

3.1.1. Dry snow area 

In the DSA, the linear function of 𝑇𝑎
̅̅ ̅ used to estimate FAC10 reads as: 

𝐹𝐴𝐶10(𝑇𝑎
̅̅ ̅ ) =  −0.08 ∗ 𝑇𝑎

̅̅ ̅  + 3.27       [2] 10 

We assign to any FAC10 estimated in the DSA an uncertainty equal to twice the regression’s RMSD: 0.4 m. We consider the 

absence of a temporal trend in the deviation between measured FAC10 and FAC10 estimated using the linear function of 𝑇𝑎
̅̅ ̅ 

(Figure 2b) as evidence of the stability of the FAC10 in the DSA between 1953 and 2017. The stable FAC in the DSA is 

confirmed by firn cores in our dataset taken decades apart at the same sites and  showing the same FAC (Summit, Camp 

Century, e.g.) and by recent firn modelling at weather stations located in the DSA (Vandecrux et al. 2018). 15 
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Figure 2. a) Linear function of 𝑻𝒂
̅̅̅̅  fitted to FAC10 observations from the DSA and HAWSA.  b) Residual between estimated (using 

linear regression) and observed FAC10 as a function of survey year. 

3.2. Stable FAC10 in the Dry Snow Area 

The spatial distribution of FAC10 estimated in the DSA is shown in Figure 2. In that region representing 74% of the firn area, 5 

we find a spatiotemporally average FAC10 value of 4.9 m
3
 m

-2
. We find a 

 RMSD between predicted and observed FAC10 of 0.2 m
3
 m

-2
 (Figure S3 in the Supplementary Material). Assuming a normal 

distribution of errors, 95% of all FAC10 observations in the DSA are within an uncertainty equal to range of ±0.4 m
3 

m
-2

 

(twice the regression’s RMSD: 0.4 m) of the predicted one. We consider the absence of a temporal trend in the deviation 

between measured FAC10 and FAC10 estimated using the linear function of 𝑇𝑎
̅̅ ̅ (Figure 2b)and predicted FAC10 as evidence of 10 

the stability of the FAC10 in the DSA between 1953 and 2017. The stable FAC in When integrating FAC10 over the extent of 

the DSA is confirmed by firn cores in our dataset taken decades apart at the same sites and  showing the same FAC (Summit, 

Camp Century, e.g.) and by recent firn modelling at weather stations located in the DSA (Vandecrux et al. 2018). and 

considering an uncertainty of ± 0.4 m
3 

m
-2

, we calculate that 5200 ±452  km
3
 of air is contained within the top 10 m of firn. 

 15 
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3.1.2. Wet snow areas 

3.3. Decreasing FAC10 in the Low Accumulation Wet Snow Area 

ForIn the LAWSA and HAWSA, we estimate the FAC10 with the empirical functions presented in Figure 3. These empirical 

functions have a RMSD of 0.28 m in the LAWSA over the 1998, comprising 12 % of the firn area, we find an average 

FAC10 value of 4.3 m
3
 m

-2
 for the 1997-2008 period, 0.27 m in the LAWSA over the 2010. The estimated average FAC10 5 

for the 2011-2017 period and 0.17 m in the HAWSA over the 2010-2017 period. The ability of our empirical functions to fit 

the FAC10 observationsis 3.3 m
3
 m

-2
, 23% lower than for 1997-2008. The result of the sensitivity analysis (Figures 3b and 

3c), confirms our choice of an empirical approach as opposed to relying on RCMs and firn models which still do not 

accurately reproduce observations of FAC in certain regions (see Section 3.6). 

 10 

 

Figure 3. Contours (labelled black lines) of the empirical functions of 𝑻𝒂
̅̅̅̅  and  �̅̇� used to estimate FAC10 along with the FAC10 

observations used to constrain the functions. Two functions could be constructed: one describing that the decrease in FAC10 

inbetween the LAWSA during 19981997-2008 (a) and another describing FAC10 in the LAWSA and HAWSA during 20102011-

2017 (b). 15 

3.1.3. FACtot 
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We use the following linear regression between FAC10 and FACtot (Figure 4): 

𝐹𝐴𝐶𝑡𝑜𝑡 =  4.1 ∗  𝐹𝐴𝐶10       [3] 

We assign 3.6 m, twice the RMSD of the linear regression, as the typical uncertainty applying on an estimated FACtot
 
value, 

representing less than 20% of estimated FACtot is greater than 20 m but up to 100% of the estimated FACtot at the firn line. 

 5 

Figure 4. Linear regression used to estimate FACtot from FAC10. Linear regression was fitted using the least squares method with a 

prescribed intercept of zero. 

One of the consequences of Eq. 2 is that a change FAC10 between two dates implies a change in FACtot over the same time 

period. This co-variation neglects that near-surface changes in the firn slowly propagate to greater depth with thermal 

conduction and downward mass advection (Kuipers Munneke et al., 2015b). Therefore we note that for a decreasing FAC10 10 

(see Section 3.2.1), our estimated change in FACtot will always be the maximum possible change, if the whole firn column 

was given the time to adapt to the new surface conditions. 

3.2. Spatio-temporal distribution of firn air content 

3.2.1. FAC10 mapping 

Using the 5x5 km 𝑇𝑎
̅̅ ̅ and �̅̇� grids from Fettweis et al. (2017) and the empirical functions presented in Figure 3, we map the 15 

FAC10 and its uncertainty across the firn area of the ice sheet (Figure 5). From theseassociated to the two FAC10 maps we 

calculate an average FAC10 of 5.1± 0.3 m in the DSA, an average FAC10 of 2.6 ± 0.5 m in the HAWSA during the 2010-

2017 period and an average FAC10 of 4 ± 0.3 m in the LAWSA during the 1998-2008 period, which decreased by 35 % to 
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2.6  ± 0.3 m in the 2010-2017 period.. The FAC10 loss in the LAWSA is concentrated in a 60 km wide band above the firn 

line in western Greenland (Figure 6). 

 
 

  5 

Figure 5. a) FAC10 maps and location of 2). Summing the FAC10 measurements. b) Maps of the relativeand its uncertainty of the 

FAC10 map. 

 

Figure 6. Change in FAC10 between 1998-2008 and 2010-2017 in the LAWSA. 
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3.2.2. Spatially integrated FAC 

We findindicates that during the 2010-2017 period the entire firn area contains 6 500 ± 450 690 ±50 km
3
 in the top 10 m and 

up toof air is contained within the LAWSA in 1997-2008 and 520 ±60 km
3
 in 2011-2017. This loss of 180 ±78 km

3
 of air 

content, 26 800 ± 1 850 km
3
 if the whole firn column is accounted for (Table 3). About 83 ± 5% of this±11% of the 1997-

2008 air content is contained in the DSA, which represents 74% of the firn area. The HAWSA, which covers 12% of the firn 5 

area, contains about 8 ± 1% of the firn’s air independently of whether we consider the top 10m or at the entire firn layer. 

 

Table 3. Spatially integrated FAC10 and FACtot over each ice sheet region 

Area Period Spatially integrated FAC (km
3
) 

FAC10 FACtot 

DSA 1953 – 2017 5 400 ± 310 22 300 ± 1 280 

LAWSA 1998 – 2008 750 ± 60 3 100 ± 250 

LAWSA 2010 – 2017 570 ± 60 2 400 ± 250 

HAWSA 2010 – 2017 530 ± 80 2 200 ± 330 

All 2010 – 2017 6 500 ± 450 26 800 ± 1 850 

 

In the LAWSA, that comprises 14 % of the firn area, decreasing FAC10 between 1998-2008 and 2010-2017 lead to a loss of 10 

180 ± 120 km
3
 of air from the top 10 m of firn,in the LAWSA represents, if we assume that all the air content can be used to 

store meltwater, 150 ± 68 Gt (0.4± 0.2 mm sea level equivalent to 24 ± 16% of the 1998-2008 spatially integrated FAC10. 

The subsequent decrease in FACtot indicate that the whole firn column lost up to 700 ± 500 km
3
 of air) of storage capacity 

available in 1997-2008 that had become unavailable by 2011-2017. 

 15 

Recent studies attributed the increasing near-surface firn densities and subsequent loss of FAC to increasing surface melt and 

meltwater refreezing (de la Peña et al., 2015; Charalampidis et al., 2015; Machguth et al., 2016; Graeter et al., 2018).; 

Charalampidis et al., 2015). However, firn density and FAC are also greatly dependant on annual snowfall (Herron and 

Langway, 1980) and a decrease in snowfall can drive an increase in firn density and consequentlycould also trigger a 

decrease in FAC10 (e.g. Vandecrux et al., 2018).. Nevertheless, the lack of widely distributed observation of snow 20 

accumulation for the 19981997-2017 period and the contradicting trends in precipitation outputgiven by the RCMs (Lucas-

Picher et al., 2012; van den Broeke et al., 2016; Fettweis et al., 2017) make it impossible to precisely partitionquantify the 

melt andcontribution of snowfall contributions to changesinto change in FAC10 at ice sheet scale. 

 

. In our regional approach, we grouped measurements from different years, which made it impossible to define the precise 25 

years that were responsible for this loss of FAC10. However, repeated observations in western Greenland (Machguth et al., 
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2016; Charalampidis et al., 2015) indicate that 2010 and 2012 extreme melt seasons are responsible for the greatest changes 

in near-surface firn density and FAC10 during the 1997-2017 period. 

Finally, the loss of FAC10 near the firn line likely turned firn areas into bare ice and triggered the upward migration of the 

firn line. Unfortunately the relative uncertainty of our FAC10 maps is greatest near the firn line (Figure 2 and 3) making it 

difficult to infer firn line migration from FAC10 changes. Using our remotely-sensed firn line for all periods was a 5 

simplification but discussing its temporal evolution requires additional data and is beyond the scope of this study. 

Potential deep meltwater percolation in the High Accumulation Wet Snow Area 

In the HAWSA, comprising 14 % of the firn area, we calculate an average FAC10 value of 2.4 m
3
 m

-2
. The spatial 

distribution of FAC10 is shown in Figure 2 while our estimated uncertainty map is presented in Figure 3. Summing over the 

HAWSA, we calculate that 560 ±154 km
3
 of air exists within the top 10 m of firn. 10 

The markedly (up to 90%) higher FAC10 in the HAWSA compared to the LAWSA for any given 𝑇�̅� (Figure 1) indicates that 

for similar surface melt (of which 𝑇𝑎
̅̅ ̅ is a proxy) the firn in the HAWSA was less dense and potentially less saturated by ice 

than in the LAWSA. In line with observations at aquifer sites located in the HAWSA (Forster et al., 2014), we hypothesize 

that in this region meltwater percolation may exceed 10 m, facilitated by high snow accumulation insulating the firn from the 

winter cold. This deep percolation also implies that FAC10 may not be the most adequate indicator of the firn’s retention 15 

capacity in the HAWSA as additional retention may occur at deeper than 10 m.  The fate of this deep meltwater whether it 

refreezes below 10 m, flows to the nearest aquifer, or reaches the bed, remains unknown and requires further investigation. 

Total firn meltwater storage capacity 

The total air content in the DSA during 1953-2017, in the LAWSA during 2011-2017 and in the HAWSA during 2010-2017 

can potentially accommodate 5,480 ± 420 Gt of meltwater (15 ± 1.2 mm sea level equivalent). Harper et al. (2012) estimated 20 

that the firn located in the long-term percolation area (as modelled by a RCM) could potentially store between 322 ±44 Gt 

(when considering the top 10 m of firn) and 1 289 −252
+388 Gt (if considering the FAC to pore close-off depth). The smaller 

retention capacity found by Harper et al. (2012) mainly owes to the smaller area considered in their study. With our 

distributed approach, it is now possible to determine each year which areas of the firn are available to store meltwater and 

the available FAC10 given the extent of surface melt. 25 

Uncertainty of long-term average climatic conditions 

3.2.3. Effect of the  �̅̇� and 𝑻𝒂
̅̅̅̅  data source FAC10 maps 

 

To investigate how uncertainties in 𝑇𝑎
̅̅ ̅ and  �̅̇� impactand  𝑇𝑎

̅̅ ̅ impacts our FAC10 maps, we repeat our procedure using the 

1979-2014  𝑇𝑎
̅̅ ̅ and  �̅̇� estimated by Box (2013) and Box et al. (2013) (hereafter referred to as “Box”). The Boxand  𝑇𝑎

̅̅ ̅ 30 

predicted by the Modèle Atmosphérique Régional (MAR; Fettweis et al., 2017), as illustrated in Figures S4 to S7 of the 

Supplementary Material. The MAR-derived FAC10 fits equally well (within measurements uncertainty, RMSD < 0.303 m
3
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m) to
-2

) the FAC10 observations and lead to spatially integrated FAC values within uncertainty from the MAR-derived values 

(Table 3). 

However, due to differing model formulations and forcing, the spatial patterns of. Since Box et al. (2013) gives 2 m air 

temperature and snowfall are different between Box and MARv3.9.2 (detailed in Fettweis et al. 2017),MAR gives surface 

temperature the value of  𝑇𝑎
̅̅ ̅ threshold between DSA and LAWSA/HAWSA is adjusted to -20

 o
C. Nonetheless differences 5 

between the two FAC10 predictions exist in areas where the spatial pattern of temperature and accumulation in Box (2013) 

and MAR differ, especially in the southern and eastern firn area, which leads to different estimations of FAC10 in . In these 

regions (Figure S4). Additionally, in these regions no firn observations fewer cores are available to constrain ourthe FAC10 

estimates. More observations in thethese sparsely observed southern and eastern regions would therefore not only improve 

FAC10 estimates, but also elucidate which 𝑇𝑎
̅̅ ̅ and  �̅̇� and  𝑇𝑎

̅̅ ̅ source best describes the spatial pattern in FAC10. 10 

3.4. Isolated FAC10 measurements 

In the LAWSA and HAWSA, our dataset also contains 40 firn cores that were too isolated in space and time to be used 

FAC10 in mapping. Isolated measurements nevertheless provide insight on how the FAC10 might have been at a given place 

and time. Renaud (1959) reported a measurement in the LAWSA with a FAC10 ~30% higher (+ 1 m
3 

m
-2

) than the one 

measured in 2006-2007. Conclusions from a single measurement are dubious, but it still indicates that the FAC10 may have 15 

been significantly higher in the 1950’s. Ten observations in the LAWSA in the 1980’s by van der Veen, et al.  (2001), did 

not appear systematically different than our calculated FAC10 for the 1997-2008 period, suggesting that FAC10 was similar in 

the LAWSA during these two periods. A last measurement raises questions in the HAWSA: the core 6348 by Mosley-

Thompson et al. (2001) drilled in 1998 indicates a FAC10 of 3.9 m
3 

m
-2

. It is a factor of 2.2 higher than our mid-range FAC10 

estimate based on measurements from 2010-2017 and indicates either a drastic decrease in FAC10 between 1998 and 2010-20 

2017 or inaccuracies of our methodology for that location. A re-survey of that location would be of great interest even 

though the 1998 core, being a single point in space, can always be suspected to be anomalous or not representative. 

3.3. Firn retention capacity 

Between 1998-2008 and 2010-2017, the decrease in FAC10 in the LAWSA indicates a 150 ± 100 Gt, or 0.4± 0.3 mm sea 

level equivalent (s.l.e.), loss of meltwater retention capacity from the top 10 m of the firn. For the entire firn column, we 25 

estimate a loss could be up to 540 ± 450 Gt (1.5 ± 1.2 mm s.l.e.). While these volumes are small as compared to the average 

mass loss of the ice sheet (~270 Gt/y), the impact of reduced retention capacity has an important time-integrated effect, in 

amplifying meltwater runoff each year, especially in a succession of anomalously high melt years as was the case 2007-

2012, resulting in a sharp increase in western Greenland runoff (Machguth et al. 2016). 
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Table 4. Firn storage capacity for the top 10 m and for the entire firn column 

Area Period Firn storage capacity (Gt) 

Upper 10 m Whole firn column 

DSA 1953 – 2017 4 200 ± 370 12 800 ± 1 170 

LAWSA 1998 – 2008 550 ± 50 1 490 ± 220 

LAWSA 2010 – 2017 400 ± 50 950 ± 230 

HAWSA 2010 – 2017 370 ± 70 960 ± 300 

All 2010 – 2017 5 000 ± 410 14 700 ± 1 600 

 

Harper et al. (2012), using observations from 2007-2009, estimated that the firn located in a 150 000 km
2
 percolation area (as 

delineated in an earlier version of MAR) could potentially store between 322 ±44 Gt in the top 10 m of firn and 1 289 −252
+388 5 

Gt if considering the entire firn column. We find that the warmest 150 000 km
2
 of our firn area in 2010-2017 can retain 150 

± 67 Gt of meltwater in the top 10 m of the firn. When considering the whole firn layer we find a storage capacity of 310 Gt 

associated with an uncertainty of 688 Gt. Our lower estimated retention capacity reflects the recent decrease of FAC in the 

LAWSA. Interestingly, we reach equivalent uncertainty intervals than Harper et al. (2012) in spite of using ~20 times more 

firn observations. We also note that the estimation from Harper et al. (2012) only used observations in the LAWSA, while 10 

most (69%) of the percolation area they use is located in the HAWSA. Finally, our distributed approach, as opposed to the 

lumped approach of Harper et al. (2012), now makes it possible to determine, given a certain melt extent, how much of the 

firn retention capacity is available to store meltwater. 

 

Both our estimated retention capacity and the one of Harper et al. (2012) use the same infiltration ice density, 843 ± 36 kg m
-

15 

3
, which was measured in portions of firn cores saturated by refrozen meltwater. In a later study also in western Greenland, 

Machguth et al. (2016) measured an infiltration ice density of 873 ±25 kg m
-3

. Using the value from Machguth et al. (2016) 

increases our estimated firn storage capacity of the top 10 m of firn by 8 to 13% depending on the region but remained 

within the uncertainty intervals of our first estimations (Table 4). Additional field measurements will be needed to ascertain 

the infiltration ice density, its variability and its potential climatic drivers. Our definition of retention capacity assumes that 20 

retention occurs through the refreezing of meltwater and neglects potential liquid water retention seen in firn aquifer (Forster 

et al. 2014). Nevertheless, recent work in Southeast Greenland showed that meltwater resides less than 30 years in the 

aquifer before it flows into nearby crevasses and eventually leaves the ice sheet (Miller et al. 2018). On the contrary, the 

water refrozen within the firn is potentially retained for centuries until it is discharged through a marine terminating outlet 

glacier or reaches the surface in the ablation area, melts and finally runs off the ice sheet. By neglecting liquid water 25 

retention in firn, our study, in line with Harper et al. (2012), focuses on long-term meltwater retention.  



 

22 

 

3.4. Regional Climate Model performance 

3.4.1. Comparison with the FAC dataset 

 

 

Figure 7. Comparison between the observation-derived FAC10 and FACtot and the simulated FAC in the corresponding cell of 5 
three RCMs. 

All models reproduce the FAC10 observations in the DSA and HAWSA with bias  ≤ 0.2 m, RMSD ≤ 0.6 m. Nevertheless, 

RACMO2.3p2, MARv3.9.2, and HH_LIN tend to underestimate the FAC10 in the LAWSA while HH_MOD did not show 

any bias in that area. The greater biases and RMSD regarding FACtot reflect both the performance of the RCM but also the 

greater uncertainty applying on our observation-derived FACtot. Overall we find that HH_MOD is the best candidate to 10 

simulate FAC10 and RACMO2.3p2 to simulate FACtot. Nonetheless, it appears that none of the RCMs can simultaneously 
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simulate both FAC10 and FACtot accurately, which justifies our empirical approach to map FAC10 and FACtot across the 

whole firn area. 

 

 

Table 5. Performance of the RCMs for FAC10 and FACtot.. Bias is the average difference between model and observation. RMSD 5 
stands for Root Mean Squared Error. Intercept and slopes are calculated from the linear fit between simulated and observed FAC 

(red line in Figure 7) 

  DSA LAWSA HAWSA GrIS 

 
RCM 

Bias
 

(m) 

RMSD 

(m) 

Bias 

(m) 

RMSD 

(m) 

Bias 

(m) 

RMSD 

(m) 

Bias 

(m) 

RMSD  

(m) 

Intercept 

(m) 

Slope 

(-) 

FAC10 

HH_LIN -0.1 0.4 -0.3 0.7 0.1 0.6 -0.2 0.6 1.5 0.7 

HH_MOD -0.1 0.4 0.1 0.4 0.2 0.6 0.0 0.4 0.4 0.9 

RACMO2.3p2 0.1 0.3 -0.2 0.6 0.0 0.5 0.0 0.5 1.1 0.8 

MARv3.9.2 0.2 0.3 -0.3 0.9 0.2 0.5 0.0 0.6 1.8 0.6 

FACtot 

HH_LIN 6.4 7.1 2.7 5.3 5.6 8.3 4.9 6.6 8.6 0.4 

HH_MOD 6.5 7.2 5.3 6.2 7.0 8.9 6.1 7.0 5.6 0.5 

RACMO2.3p2 -0.4 3.3 -0.3 3.1 2.6 6.2 -0.1 3.6 9.4 0.5 

 
  

3.4.2. Comparison with the spatially integrated FAC 10 

The same pattern emerges with RCMs being able to simulate spatially integrated FAC within observational uncertainty in 

the DSA and underestimating it in the LAWSA. HH_MOD overestimates the spatially integrated FACtot in the DSA by 21%, 

leading to a 25% overestimation on the entire firn area. RACMO2.3p2 underestimates the spatially integrated FACtot by 10% 

in the DSA which, combined with the model’s positive bias in the HAWSA, lead to a Greenland-wide estimation of spatially 

integrated FACtot within our observation-derived estimate’s uncertainty interval.  15 

 

HH_MOD uses a higher albedo than HH_LIN, and therefore calculates less surface melt and refreezing and, as a 

consequence, higher FAC10 in the LAWSA. The HH_MOD vs HH_LIN validation here confirms the sensitivity of simulated 

subsurface conditions, not only to the model’s subsurface module but also to surface forcing (Langen et al., 2017). In a 

similar way, the slight negative bias in surface mass balance of RACMO2.3p2 (Noël et al. 2018), indicating excessive melt 20 

relative to snowfall, could also explain the model’s underestimation of FAC10 in the LAWSA. Counterintuitively, 

HH_MOD, HH_LIN and MARv3.9.2 have in common a slight positive bias SMB (too much precipitation relative to melt) 

but also underestimate FAC10 in the LAWSA. 
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The way firn densification is treated in the snow models can also explain differences in simulated FAC10: HIRHAM5 and 

MARv3.9.2 uses the same snow compaction scheme (Vionnet et al. 2012) while RACMO uses a dry compaction scheme 

after Kuipers Munneke et al. (2015a). HIRHAM overestimation of FACtot in the DSA arises from the relatively low firn 

densities modelled below ~40 m in HIRHAM, most likely because of the inadequacy of the compaction law from Vionnet et 

al. (2012) at depth. RACMO produces more realistic FACtot in the DSA, potentially because the densification law it uses has 5 

been tuned so that the modelled FAC matches 62 firn core observations (Kuipers Munneke et al., 2015a). Nevertheless the 

FACtot in the LAWSA is also underestimated by RACMO. 

 

 

Figure 8. Temporal evolution of the FAC in the RCMs compared to the observation-derived FAC10 maps. 10 

 

We also note that RCMs overestimate the spatially summed FAC10 in the HAWSA (Figure 8d) whereas they compare well 

with FAC10 observations of the HAWSA (bias  ≤ 0.2 m in Table 5). It can be due to the fact that, while the RMCs reproduce 

the observed FAC10 in the interior of the HAWSA, their modelled FAC10 remains high in the lower HAWSA, when 

approaching the firn line. On the contrary, our observation-derived estimation of FAC10 decreases linearly with increasing 15 



 

25 

 

with 𝑇𝑎
̅̅ ̅ and takes lower values than in the RCMs in the lower HAWSA. Nevertheless no firn observation is available in the 

lower HAWSA and future FAC10 measurements in the HAWSA should help to know which of the RCMs or our estimation 

of FAC10 describes best in FAC10 the HAWSA. 

 

Last but not least, we see that in spite of their respective biases, RCMs reproduce the decreasing FAC10 in the LAWSA as 5 

observed (Figure 8b). The RCMs indicate that this loss of air content was initiated in the early 2000s and accelerated in 2010 

and 2012. All RCMs show a decreasing FAC10 in the DSA over the last two decades which contradicts with our observations 

(Section 3.1.1, Figure 2). This decreasing FAC10 could be due to the RCM missing for example an increase snowfall in the 

DSA which would compensate the recent warming seen in the firn area (McGrath et al., 2014; Graeter et al., 2018). Another 

possibility would be that the models overestimate the sensitivity of firn compaction rate to increasing temperatures. 10 

 

4. Conclusions 

Our study provides, for the first time, a delineation of the firn area of the Greenland ice sheet over the 2000 – 2017 period. 

Using remote-sensing observations from 2000 to 2017, we estimate that firn covers 1,405,500 ± 17,250 km
2
 or 78.5% of the 

ice sheet. This result allows further study of possible migration of this boundary in the past or in the future. Additionally, we 15 

present a collection of 344 firn cores spanning 65 years from which the firn air content from the surface to 10 m depth 

(FAC10) could be calculated. We identify three regions on the firn area in which FAC10 where we could fit empirical 

functions of long-term accumulation and temperature averages (�̅̇� and  𝑻𝒂
̅̅̅̅ ) to FAC10 measurements and explain the spatio-

temporal evolution of FAC10. The stability of the FAC10 in the Dry Snow Area (where 𝑻𝒂
̅̅̅̅  ≤ -16

o
C) over the 1953-2017 

period contrasts with a 21% decrease of FAC10 in the Low Accumulation Wet Snow Area (where  𝑻𝒂
̅̅̅̅  > -16

o
C and �̅̇� ≤ 600 20 

mm w.eq. yr-1) between 1998-2008 and 2011-2017. This decreasing FAC10 translates into the loss of 168 ± 138 Gt (0.5± 

0.4 mm sea level equivalent)  of meltwater retention capacity 1998-2008 and 2011-2017. In the High Accumulation Wet 

Snow Area (where  𝑇𝑎
̅̅ ̅ >= -16oC and �̅̇� < 600 mm w.eq. yr-1) we find an average FAC10 of 2.9 m3 m-2 during the 2000-

2017 period. FAC10 observations also indicated that meltwater may percolate deeper than 10 m from the surface making 

FAC10 insufficient to describe the retention capacity of the firn there. In a similar way, Machguth et al. (2016) showed that 25 

under conditions not completely understood, ice formation may prevent meltwater from accessing the entire top 10 m of firn. 

Therefore, further investigation of the firn permeability will help to understand how much of the FAC is used for meltwater 

retention. The firn area delineation and FAC10 dataset and maps can be used to constrain firn models and monitor the future 

evolution of the firn and are available for download at www.promice.dk. 
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4. Conclusions 

A collection of 360 firn density profiles spanning 65 years allow us to quantify the firn air content (FAC) on the Greenland 

ice sheet as function of long-term air temperature and net snow accumulation averages (𝑇𝑎
̅̅ ̅ and  �̅̇�). During the 2010-2017 

period, we calculate that the firn layer contained 6 500 ± 450 km
3
 of air in its top 10 m and 26 800 ± 1 850 km

3
 within the 

whole firn column. We find that over the 1953-2017 period, the FAC remained constant (within measurement uncertainty) in 5 

the Dry Snow Area (DSA, where 𝑇𝑎
̅̅ ̅ ≤ -19

o
C). In the Low Accumulation Wet Snow Area (LAWSA, where  𝑇𝑎

̅̅ ̅ > -19
o
C and 

 �̅̇� ≤ 600 mm w.eq. yr
-1

), we calculate that the FAC decreased by 24 ±16 % between 1998-2008 and 2010-2017. This 

decreased FAC10 translates into the loss of meltwater retention capacity of 150 ± 100 Gt (0.4 ± 0.3 mm sea level equivalent) 

in the top 10m of the firn and up to 540 ± 450 Gt (1.5 ± 1.2 mm sea level equivalent) in the entire firn layer. The output from 

three regional climate models (HIRHAM5, RACMO2.3p2 and MAR3.9.5) indicate that our calculated decrease in FAC may 10 

have initiated in the early 2000’s and accelerated in 2010 and 2012. But the mismatch between RCMs and our dataset 

reminds that RCMs should be used with caution when used to calculate the firn retention capacity or when converting the ice 

sheet’s volume changes into mass changes. Finally, our study highlights the importance of in situ firn density measurements 

to document the evolution of the Greenland ice sheet and to improve models and sea level projections. We also illustrate 

how new knowledge can be gained from the synthesis of multiple data sources and encourage the scientific community to 15 

make both recent and historical data available. 
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6. Data Availability 

The FAC dataset, maps along with the firn area delineation are available at https://arcticdata.io/ and the majority of the 

original firn density measurements can be found in the SUMup dataset at https://doi.org/10.18739/A2JH3D23R. The source 

code is available at github.com/BaptisteVandecrux/FAC10_study. 
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Figure 1. a) Geographical distribution of the FAC10 dataset. b) Distribution of the dataset in the accumulation-temperature 

space (�̅̇�  

 

 5 
 

 

and  𝑻𝒂
̅̅̅̅ ).  FAC10 value is indicated by a coloured disk around each point. c) Temperature dependency of FAC10 in the DSA and 

LAWSA d) Temperature dependency of FAC10 in the DSA and HAWSA. 
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Figure 2. FAC10 maps and location of the FAC10 measurements (a, b, c). Map of the change in FAC10 between the 1997-2008 and 

2011-2017 periods in the LAWSA (c). 

 

Figure 3. Maps of the relative uncertainty of the FAC10 maps in the DSA (a), LAWSA for the 1997-2008 period (b) and in the 5 
LAWSA for 2011-2017 and in the HAWSA for 2010-2017 period (c). 
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Table 1. List of the publications presenting the firn cores used in this study. 

Source Number of cores  Source Number of cores 

Albert and Shultz (2002) 1  Langway  (1967) 1 

Alley (1987) 1  Lomonaco et al. (2011) 1 

Bader (1954) 1  Machguth et al. (2016) 28 

Baker (2012) 1  Mayewski and Whitlow  (2016a) 1 

Benson  (1962) 55  Mayewski and Whitlow  (2016b) 1 

Bolzan and Strobel (1999) 9  Miège et al. (2013) 3 

Buchardt et al. (2012) 8  Morris and Wingham (2014) 66 

Clausen et al. (1988) 8  Mosley-Thompson et al. (2001) 31 

Colgan et al. (2018) 1  Porter and Mosley-Thompson  (2014) 1 

Fischer et al.,  (1995) 14  Reed (1966) 1 

Forster et al. (2014) 5  Renaud  (1959) 7 

Hawley et al . (2014) 8  Spencer, et al. (2001) 8 

Harper et al. (2012) 32  Steen-Larsen et al. (2011) 1 

Jezek (2012) 1  Vallelonga et al. (2014) 1 

Kameda et al. (1995) 1  van der Veen et al. (2001)   10 

Koenig et al. (2014) 3  Wilhelms (1996)   13 

Kovacs et al. (1969) 1  This study 20 
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