
Response to the editor 

Dear Editor, 

With this new version of the manuscript, we made our best efforts to respond the reviewers’ 

comments. We applied the majority of the suggestions and discuss below the few points that remained 

unchanged. Most importantly we: 

- Relocated few paragraphs from the results to the methods. 

- We changed the symbol 𝑏̇ to 𝑐̇. 

- Renamed the “wet snow areas” into “percolation areas”. 

- We re-framed the RCM evaluation to focus on our FAC observations and to be fairer with the 

models. 

- We carefully checked the writing. 

We are grateful to the reviewers, whose comments greatly improved the manuscript. 

Sincerely, 

Baptiste Vandecrux on behalf on the co-authors 

 

Reviewer #1 (S. Marchenko) 

General comments 

Reviewer’s comments Authors response 

Structure of the manuscript: 
 
* unite some small subchapters 
 
* change order of some chapters 
 
- verify presentation of methods 
 
- clean the language by removing grammar mistakes, 

shortening sentenses, tailoring phrasing to the context. 
 
"… The updated manuscript has numerous changes with 

respect to the initial submission. Of my two major comments 
to the initial submission one is satisfied - now the manuscript 

 
 
Structure was updated as suggested 

and some sub-sections merged. 
 
 
 
 
Proof-reading was conducted by native 

speaker. 
 
 
 
Regarding the choice of arguments for 



contains extensive comparison of the results with the earlier 
published FAC estimates. My other comment was on more 
detailed motivation of the choice of arguments in the 
functions used to map FAC. This one is met only partly. I still 
think that it will make more sense to distinguish between air 
temperature in winter and in summer months. Their action 
on refreezing is different: summer temperature is a proxy for 
melt rate and limits refreezing in colder areas (LAWSA, 
western part of the GrIS), winter temperature is a proxy for 
the firn cold content and limits refreezing in warmer area 
(PFA domains in eastern part of the GrIS). Authors may, of 
course, choose whatever arguments they think are relevant, 
but motivation has to be backed by logic, clear presentation 

and be at least internally consistent. This is, however, not 
always the case.” 

the empirical functions fitted to FAC 
observations, we wish to keep our 
approach. We do not believe that we have 
enough data to add another argument.  

We acknowledge the importance of 
cold content and its relation to winter 
temperature. However, we consider that 
cold content is equally affected by the 
insulating effect of snow and by the 
refreezing of deep meltwater. Winter 
temperature will not describe these 
processes and we expect that including 
that argument will not substantially 
improve our results.  

 

In-line comments: 

Nr
. 

Reviewer’s comments Authors response 

1 use Rephrased 

2 cores to derive 

3 See Cogey at al., 2011, table 1, c. Changed for 𝑐̇ as suggested 

4 Gt to make comparable with the rates of change 
given later. 

Here we find important to show that 
we are able to calculate the spatially-
integrated FAC on one hand and then the 
evolution of the retention capacity on 
the other hand. 

5 defined as the area with We keep the parenthesis because 
more word-efficient. 

6 
7 
8 

Of 
for the 
for the upper 100 m of the firn column  

Rephrased 

9 The other way around. You rather compare the 
empirical FAC estimates with models. I see two 
possible logical approaches here. The one applied 
here is that empirical data is primary with respect to 
simulations. The other one is that results published 
earlier are primary and later research is compared to 
it. 

It is obvious that authors stick to the first one. 
Provided that the mothod used here is original and 
was not applied earlier, relies on a number of 
assumptions and external data 

sources (mainly Ta and b forcing) i would rather 
favor the second logic. 

We now only mention the 
comparison of RCMs to the FAC point 
observations which can be considered as 
a standard model validation. 

The comparison of spatially 
integrated values, for which our estimate 
is subject to important uncertainties, is 
not mentioned in the abstract anymore. 



10 this chapter also contains information on the firn 
line position, which calls for a change of the chapter 
title 

Changed to “Firn core dataset and 
firn area delineation” 

11 suggests Updated 

12 rephrase 

13 meters 

14 I would still suggest to use porosity when defining 
FAC. Porosity is a general physical property of a 
material. It is a very intuitive term and is widely 
applied in soil science 

One can, of course, define FAC without porosity, 
but the current formulation of FAC in eq. [1] is 
confusing because m_k essentially sits in rho_k as 
rho_k = m_k/V = m_k/h_k/A = m_k/ 

h_k, since unit area (A) is assumed. 
For layer k: 
FAC_k = h_k*p_k = h_k*(1-rho_k/rho_ref) 
h_k - thickness 
p_k - porosity 
rho_k - firn density 
rho_ref - reference density of ice 

We would like to maintain the 
equation in its current form and avoid 
the introduction of a new firn 
characteristic (porosity) which would not 
be discussed in the rest of the text. 

15 This list does not look logical, and refreezing is 
standing out as a more inclusive, integral parameter, 
that is heavily dependent both on melt and firn 
temperature. 

There are certainly many parameters 
having an effect on refreezing and air 
temperature is one of them. The 
sentence does not claim that the 
relationship should be linear or 
straightforward. 

16 It is not clear what has to happen with the air 
temperature for the FAC10 to become lower. Does it 
have to increase or decrease? 

 
Having this sort of statement right after the list of 

parameters and processes for which air temperature 
can be used as a proxy lifts the question: do all of 
these act similarly? 

 
 
 
 
Mind again that increase in temperature adds 

more water and reduces the cold content. It can work 
both ways and the effect will depend on what is 
lacking: liquid water or cold content. There will be 
vertical and lateral differences. 

Rephrased. 
 
 
 
Indeed we believe they do to a 

certain extent. We now state “Through 
these processes, increasing air 
temperature acts to decrease FAC 
(Kuipers Munneke et al., 2015b).” 

 
 
 
Indeed air temperature is only an 

imperfect proxy for FAC. We here wish to 
make a first rough description of the 
relationship between air temperature 
and FAC and justify that we use it as 
indicator. Later on, we observe that FAC 
does not relate to Ta in the same manner 
in different regions (LAWSA vs. HAWSA) 
and discuss the interaction between FAC, 
cold content, meltwater supply and 



percolation depth. 

17 this applies to FACtot sa well, not only to FAC10 Updated 

18 ... which increases the FAC Rephrased 

19 this applies to FACtot sa well, not only to FAC10 Updated 

20 May be use symbol "C" for accumulation. That will 
comply with the Glossary on gl. mb and rel. terms 
(Cogley et al., 2011), see Table 1 on page 7. 

Using b is confusing as it calls for associations with 
the surface mass balance. 

Updated 

21 do the "DSA", "HAWSA" and "LAWSA" correspond 
to the original terminology by Benson? 

Here is a link to the reprint of the original 
publication (1962) published in 1996: 
http://hdl.handle.net/11681/2730 

Benson defines dry snow, 
percolation and wet snow facies. For 
increased clarity, we update our “wet 
snow area” into “percolation area”, more 
representative of the firn hydrology in 
that area. 

22 there is already a ref to the fig 1C earlier on. Removed 

23 Which facies are meant here? Bensons 
classification has 4 and transition between all of them 
is gradual. 

Most probably is it the "dry snow" and 
"percolation" facies (page F3 here: 
http://hdl.handle.net/11681/2730) 

Updated. We now use “percolation 
area” and mention that it encompasses 
the wet snow facies and percolation 
facies of Benson. 

24 may be divergence? We wish to maintain “inflection” 

25 May be replace "no" by "few"? 
It is hard to expect a cores to densy cover the part 

of the Ta-b space corresponding to the transition. 
Moreover, even if there would be 

such a dataset, a different RCM will result in a 
slightly different border... 

Rephrased 

26 plural? Updated 

29 empirical data used for calibration (/constraining 
the functions). 

Updated 

30 that's a rather strict formulation. 
I'd suggest a softer, less demanding phrasing, 

smth. like: "can be approximated by a linear 
dependency/function" 

Updated 

31 1) Why is accumulation rate not included as 
argument in the function mapping FAC in DSA? What 
is different here with respect to the 

WSAs? 
 
In the beginning of the chapter 2.3 it is claimed 

that both air temperature and accumulation affect the 
subsurface density and through 

that also FAC. 
Several models describing the dry snow 

densification due to gravitational settling and strain of 
the snow grains (Herron and Langway, 

1980; Helsen et al., 2008; Arthern et al., 2010; 

We added: “Although FAC10 is also 
dependant on 𝑐̇̅, the residuals from Eq. 
2 do not present any correlation with 
their respective  𝑐̇̅ values. It indicates 
that because of the intrinsic co-
variability of 𝑐̇̅ and 𝑇𝑎̅̅ ̅, most of the 
variations in observed FAC10 can be 
explained using either 𝑐̇̅ or 𝑇𝑎̅̅ ̅. 
Insufficient data are available to 
disambiguate the role of 𝑐̇̅ and 𝑇𝑎̅̅ ̅ in 
FAC10 variations. We therefore choose to 
use only 𝑇𝑎̅̅ ̅ in Eq. 2.” 



Ligtenberg et al., 2011) use both the surface 
accumulation rate and air temperature. 

I admit that air temperature and accumulation 
rate are closely correlated. This may greatly reduce 
the importance of the second argument 

and justify usage of the single argument. In any 
case the choise has to be motivated, at least for the 
sake of consistency with description 

of routines applied in the other two domains and 
the motivation at the start of the chapter 2.3. 

 2) why not to include the equation [2] from ch. 
3.1.1. in this chapter? 

Equation was moved 

 3) is it right that Ta here is the mean value for the 
1953-2017 period? 

In section 2.3 we state that the long 
term average temperature and 
accumulation are all calculated from 
MAR over the 1979-2014 period. 

32 what does this mean? 
Are there 4 different linear functions for different 

ranges of Ta? If yes, then why is there only one 
equation given for DSA (eq. [2] in ch. 

3.1.1.) 
Or may be the data is binned in 4 groups 

depending on Ta and eq. [2] links the averages of 
FAC10 values in different groups and the Ta 

values corresponding to the middles of the Ta 
ranges? 

We rephrased to: 
These 278 FAC10 observations are then 
binned into four equal 𝑇𝑎̅̅ ̅ ranges to avoid 
the overrepresentation of clustered data 
(Figure 2a). Eventually, a linear function 
of 𝑇𝑎̅̅ ̅ is fitted to the bins’ average FAC10 
using least squares method to estimate 
the FAC10 in the DSA 

 
And moved Figure 2 next to this 

paragraph so that it serves as illustration. 

33 Does inclusion of the 11 cores from HAWSA 
significantly change the coefficient? If not (which 
follows from the previous sentence and 

figure 1c), i would suggest to remove the cores 
from the optimization. Otherwise the same data (11 
cores) is used to calibrate models with 

different arguments. That is as an internal 
inconsistency of the manuscript. 

The inclusion of the HAWSA cores do 
not change the linear regression’s 
coefficient. They are needed in Eq. 2 
because Eq.2 is also used in the upper 
HAWSA. It is now mentioned in the text. 

 
We do not see any problem using the 

same cores to calibrate a temperature-
dependant function in the DSA (when 
this data is combined with DSA cores) 
and a temperature and accumulation 
dependant function in the HAWSA (when 
this data is combined with remotely 
sensed firn line location).  

34 Again as in the earlier version of the manuscript... 
I think the piece of information saying that the 

data for LAWSA and HAWSA is divided timewise in 
two parts is given in an unexpected way. A reader 
probably does not even expect this to be done, since 
in the DSA data from all years is lumped together... 
Moreover, it looks a bit like an excuse that it was not 
possible to have more groups in time... 

Updated to: 
Additionally, observations are unevenly 
distributed in space and time. Thus to 
reveal the temporal trends in FAC10, the 
observation dataset is divided into two 
time slices that each contain enough 
FAC10 observations to describe the 
spatial pattern of FAC10 and constrain our 



I suggest : "... to reveal the temporal trends in FAC 
the available empirical dataset is divided in..." instead 
of "... to group FAC measurements into ... " 

empirical functions. 

35 are there mean Ta and b values calculated for the 
period 2010-2017 or for the long period 1953-2017. 

Section 2.3 states that 1979-2014 is 
taken as reference period for the long 
term average temperature. 

36 Unnecessary repetition of the word "function". 
Rephrase: "For the period .. FAC in LAWSA and 
HAWSA is described by a smoothed..." 

Updated 

37 repetition: compare with the first sentense in the 
same paragraph 

The sentence was removed. 

38 see the comment above. 
The sentense can be rephrased and shortened: 
"These measurements are used to describe the 

FAC10 in LAWSA during 1998-2008 by a smoothed 
bilinear function of Ta and b." 

Updated. 

39 Is it right that Ta and b here are the mean values 
for 1998-2008? 

In section 2.3 we state that long term 
Ta and b are only calculated on the 1979-
2014 period. 

40 not consistent with the title of ch. 2.2. 
Either remove "the" here or add it there. 

Removed 

41 why not to call it FAC100 then? We prefer to highlight that FACtot 
represent the total FAC of the firn 
column. FAC100 would leave the reader 
wonder whether 100 m is sufficient to 
describe the firn down to pore close off. 
Observations showed that pore close off 
is less than 100m deep. 

42 what is this function, what does it take as 
arguments and what does it return as output? How is 
it used? 

My first guess would be that it links FAC with 
depth from the surface down to 100 m and represents 
all the 29+13 = 42 empirical datasets. 

Then in each of the remaining 360-29 = 331 cases 
when the core record does not reach 100 m the "tail" 
of this function is appended to 

the FAC = f(z) function from the core in question 
to describe the FAC increase from the bottom of the 
core down to 100 m. 

The routine needs to be described in greater 
details. Locations of the deep cores used to constrain 
the FAC = f(z) function will play a great 

role: it is not the same story if all of them sit deep 
in the DSA and just above the ELA. Thus a reference to 
Fig. 4 should be given here. It 

will, perhaps, make sense to combine the map 
incise in Fig. 4 and fig 1a. 

ok, now having reached ch. 3.1.3. and seen the 

Section 2.4 and 3.1.3 were merged 
and clarified.  



equation [3], i see what is meant here. This chapter 
(2.5) is a much more relevant place for 

the equation. I still leave the words above to 
illustarte the kind of thinking that a potential reader 
may have. It is not ok to let readers 

guess things. 

43 The information given in the present chapter can 
be more or less dissloved in other chapters. With not 
much harm for the flow of the text. 

The words about uncertainty can be incorporated 
in ch 2.4.2, at its very end. Perhaps it will even make 
sense to have a separate chapter 

about uncertainty quantification. 
If i understand right, max. retention capacity is 

calculated by using the media density of 843 kg/m^3, 
this information can be given in ch. 

2.2. 

We wish to keep that section 
separate as it applies to both FAC10  and 
FACtot in all regions. 

 
Section 2.4.2 is only for FAC10 in the 

WSAs and section 2.2 is about FAC10 
calculation from a density profile. They 
are therefore not suitable locations for 
this paragraph. 

44 =upper 100 m? is that the case? Updated 

45 perhaps 2018 Updated 

46 Chapters 3.1.1. and 3.1.2. have only one 
paragraph. Ch. 3.1.3. has 2 paragraphs. They can be 
combined in one subchapter 3.1. 

 
Furthermore, while none of the chapters gives 

abolute values of the FAC10 estimates, both chapters 
(3.1.1 and 3.1.2) contain information on temporal and 
spatial dynamics of FAC10 values within the different 
snow areas. This information is secondary with 
respect to the actual values. It is impossible to 
understand what 0.27 m of rmsd in FAC10 in LAWSA 
mean without knowing the actual range of values: 
0.27 is "a lot" for 0-1 m range in FAC and "not a lot" if 
the range is 0-5 m. I would expect references to Fig. 
5a and some kind of verbal description of what 
happens there to appear earlier in the text. 
Suggestion is to change ther order of ch. 3.2 and 3.1. 

3.1.1 ad 3.1.2 have been moved to 
the method as suggested. 

 
 
We now moved the equation and 

uncertainty calculation to the method 
section. We nevertheless kept the 
discussion of temporal evolution and 
spatial pattern in the results and 
discussion. 

We wish to keep the current 
structure where, in Figure 1, the readers 
can see that FAC10 observations take 
values between 0 and 6, later in the 
method absolute uncertainties are 
defined and finally in result the relative 
uncertainty is presented (Figure 5). It 
prevents us from referring , in the 
method, to a Figure presented in the 
result. 

47 perhaps a better place for this equation would be 
in ch. 2.4.1. 

Agreed 

48 This info comes as a surprise is a chapter called 
"results and discussion". 

Why not to group info on uncertianty 
quantification for dry and wet snow areas is a 
separate chapter? 

Moved to method. 

49 an Updated 

50 rms differences between what and what? 
The first guess is that it is between the function 

We added : “The empirical functions 
used to estimate the FAC10 in the LAPA 



and empirical FAC10 estimates. Alternatively it can be 
the rms differences between the 

mean FAC10 estimate within a specific snow area 
and individual points in there. 

In the first case the value is a measure of 
"goodness of fit" and heavily depends on the amount 
of "smoothing" applied for the surface 

fitted to the empirical FAC10 estimates. If one 
uses the "scatteredinterpolant" function in matlab the 
rmsd will be 0... This essentially ruins 

the derivations contained in the following 
sentense. 

In the second case the rmsd is a measure of 
spread in simulated FAC10 values within one snow 
area... 

and HAPA (Figure 3), when compared to 
FAC10 observations, have a RMSD of 0.28 
m in the LAPA over the 1998-2008 
period, 0.27 m in the LAPA over the 
2010-2017 period and 0.17 m in the 
HAPA over the 2010-2017 period.” 

 
Indeed these RMSD depend on the 

smoothing on the fitted surface. That is 
why we also vary the smoothing in the 
uncertainty analysis. 

Complete scripts will be made 
available on GitHub for the readers that 
are curious to hear about the 
interpolation function. 

 

51 ok, so that is probably the function used to Section moved to method to avoid 
confusion. 

52 As earlier, UQ routines should be described in the 
"methods", perhaps in a separate subchapter, but not 
in "Results and discussion" 

Moved to methods. 

53 These derivations are not very informative 
without the information of the range of values given 
in verbal form, as a histogram or on a map. 

Changed to: 
We assign 3.6 m, twice the RMSD of 

the linear regression, as the typical 
uncertainty applying on an estimated 
FACtot value that can in theory vary 
between 0 and ~25 m. 

54 Here i find it hard to follow the suggested logic. 
The statement in the sentense refers to the 

relation between temporal changes in FAC10 and 
FACtot. This has more to do with how 

FACtot is calculated from FAC10... 
The statement does not follow from equation [2]. 

Eq [2] links Ta and FAC10 in the DSA. There (in DSA) 
there's is no distinction in FAC for 

different time periods. 

Here Eq. 3 was meant. 

55 in Updated 

56 why not to use the FAC acronym here as well Acronym used 

57 Chapters and paragraphs are ways to divide text 
according to the content, to the topic covered in each 
bit of text. Chapters are higher 

order divisions and paragraphs are lower order 
divisions. 

from my experience is it uncommon to have 
chapters with single paragraphs in scientific texts. 

Chapters 3.2.1 and 3.2.2 can be united. 

Sections were merged. 

58 rephrase to have "an average FAC10" only once 
and shorten this and following sentences. 

average FAC10 values of 5.1 m for DSA in 1953-

One repetition was removed but we 
wish to keep the structure of these 
sentences. 



2017 and 2.6 and X m for HAWSA and LAWSA in 2010-
2017 respectivey. The latter value is 

exceeded by the FAC10 estimate for LAWSA in 
1998-2008 by 35%.... 

59 this sentence can be rephrased to have "1998-
2008" only once and also indicate the value of FAC10 
750+-60 km^3. The latter will ensure 

consistency with respect to previous sentences 
giving similar information about DSA and HAWSA. 

Rephrased. 

60 s Updated 

61 the word "subsequent" (= "consecutivesee ", = 
"following") is, perhaps, not a valid word here. 

may be "respective"? 

Replaced by “corresponding” 

62 s Updated 

63 ... on ... Section heading removed. 

64 is that right? 
The uncertainty appears to be larger than the 

value itself 

The wrong number had been used 
there. 

65 flip the subplots! 
A4 paper is high and narrow, it is, therefore, more 

compact to have 2 lines of subplots and 4 columns. 
Add panel labels after "FAC10" and "FACtot": a, c, 

e, g in the first case and b, d, f in the second. 

Figure updated. 

66 s Updated 

67 Allows 

68 Space 

69 S 

70 Been 

71 Unnecessary repetition 

   

 Supplementary material: 
more ticks both in x and y axis 
May be also grid lines in X direction to facilitate 

reading of the FAC values 

Done for the ticks. 
 

 

 

Reviewer #2 

Reviewer’s comments Authors response 

Review of “Firn data compilation reveals the 
evolution of the firn air content on the Greenland 
ice sheet” by Vandecrux et al.  

 
This manuscript is the second version of this 

 



paper and the previous revision round definitely 
benefitted the quality of the text. However, there 
are still too many points that need attention before 
the manuscript is publish-ready. Given the severity 
of the comments posted in the first round of 
reviews by both reviewers, I was surprised by the 
relatively short response time (<1 month) of the 
authors. As in the previous version of manuscript, I 
have again a long list of minor comments. 

In my view, these typo’s, bad phrasings, and 
oversights should be spotted during a full correction 
round of the co-authors, rather than in a review 
round. Besides these irritating minor comments, I 
have one general comment that needs to be 
addressed before the manuscript can be published. 

Thorough proof-reading was conducted by a 
native speaker among the co-authors. 

This manuscript describes the spatial pattern of 
firn air content (FAC) across the Greenland ice sheet 
based on observed firn cores and is the first 
manuscript to do so. Previously, only modelled 
estimates using regional climate models or firn 
models have been made. 

 
In my opinion, the current manuscript tries too 

much to suggest that the observation-based method 
used here are superior to previously presented data, 
for example the following phrases are used: “urge 
caution when using models to quantify […] evolution 
of the FAC” (P1, L34), “confirms our choice of an 
empirical approach as opposed to relying on RCMs 
and firn models” (P10, L8), “none of the RCMs can 
simultaneously […] FAC accurately, which justifies 
our empirical approach” (P18, L1), “the mismatch 
between RCMs and our dataset reminds that RCMs 
should be used with caution” (P20, L20). I 
completely disagree with this type of reporting. First 
of all, I think science is not a competition of who has 
the best methods or results, but should be more 
about increasing understanding of processes 
involved. For me, the balance in the current 
manuscript is completely wrong. Second, the 
method used here uses (relatively simple) empirical 
relations to calculate a spatial pattern in FAC and 
subsequent area-integrated numbers. So although 
the method is based on observations, the eventual 
resulting numbers cannot be treated as such. A 
comparison with other data can therefore never 
“justify” that one method is better than the other. 

 
 
 
 
 
 
 
If we wish to “urge caution” regarding RCM, it is 

not for promoting our product (which has a very 
coarse temporal resolution and is practically 
unusable by the altimetry community). It is to warn 
the users of RCM firn products that significant 
regional biases appear from our comparison 
between RCM and FAC measurements. 

 
We try to re-balance the manuscript by 

removing extrapolated FACtot values from the 
point-scale comparison (which then becomes a 
robust evaluation of the RCMs against observations 
only). We still compare spatially integrated FAC, but 
removed all judgmental statement as our 
observation-derived estimates is less reliable. 

  

My suggestion would be to treat the 
observation-based method used here and the 

I totally agree with this statement. We now 
differentiate the in situ observations (the FAC10 



modelling method as complementary rather than as 
competing. Both schools have their definite pro’s 
and con’s and only by combining them the best 
result possible can be realized. Neither this 
manuscript nor any other currently available has the 
evident proof that for Greenland FAC one method is 
better than the other. 

dataset and some FACtot values), used for validating 
the RCMs, and our spatially interpolated product, 
which is put on the same level as RCMs. 

In my view, large parts of the results 
interpretation and discussion sections needs to be 
rewritten to do more justice to the results of both 
methods. To do so, it is also needed that the authors 
look critical at their own results. They should 
definitely highlight the regions or regimes were the 
observation-based method appears to perform 
better, but also be fair to report that in some 
regions/regimes it does not. For example, the lack of 
observations in the HAWSA is a serious problem or 
that models appear more capable of simulating 
temporal trends then sparse (in time) observations. 

We mention the scarcity of data and the 
drawbacks of our methods.  

We have conducted a thorough uncertainty 
analysis and provide confidence interval with all 
values in the manuscript. The reader is left with all 
the information to assess the utility of our product. 

Minor comments: P1, L26: Please be consistent 
with the hyphens throughout the manuscript. 
Technically, sea-level rise  

should be hyphenated (so that is correct), 
however, the phrase without hyphen (sea level rise) 
is used much more often. In the same line, however, 
ice-sheet contribution should be hyphenated! Any 
time there is a compound adjective (two words (ice 
& sheet) that act together to describe a noun 
(contribution)), you should hyphenate: ice-sheet 
contribution. Only when there is an adverb ending 
in –ly you should not hyphenate: remotely sensed 
data and not remotely-sensed data. 

Updated. 

P1, L29: The 6500 ± 450 km3 is very different 
from the 5200 ± 452 km3 reported in the previous 
version. The numbers are not even close to being 
“within the error margins”, which makes you 
wonder how certain the used method, numbers 
and/or uncertainties are. Reported uncertainty 
estimates should theoretically indicate the possible 
range of outcomes based on uncertainties in the 
input. Such large difference between the two 
versions indicates that the reported uncertainty 
number is far too small. 

6500 ± 450 km3 is the spatially integrated FAC10 
for the entire firn area. In the first version of the 
manuscript, 5200 ± 452 km3 was the spatially 
integrated FAC10 for the DSA (section 3.2). It is 
therefore normal that the numbers diverge. 

P2, L9: should be “in the sea level change 
equation”. 

Sentence was rephrased. 

P2, L14: This paragraph needs 1-2 sentences 
more. 

Paragraph was updated and merged with the 
next one. 

P2, L18-19: Due to the density difference 
between water in liquid and refrozen form this 

We state that FAC is indicative of a volume 
available for retention. The volume available is the 



statement is not completely true. same independently of the state of retained water. 
We agree that the mass that can be retained is 
dependent on the phase and density, but it is not 
what this sentence is about. 

P2, L19-22: Sentence is too long. We rephrased that sentence. 

P2, L28: By comparing RCM output with density 
profiles, the model is indirectly compared to FAC. 
FAC is nothing more than an integrated density 
profile. 

This sentence was removed to only mentioned 
studies which have provided estimation of either 
FAC or firn meltwater retention capacity. 

P3, L1-5: Why is the firn aquifer not mentioned 
here? A firn aquifer region is the prime example of 
deep percolation (> 15 m). 

Reference to firn aquifers was added. 

P3, L22: Here, it is reported that 324+20 cores 
are used, while the abstract states 360 cores are 
used 

The numbers were updated. 

P3, L6-7: “does not play a negligible role” is 
somewhat double. Change into “does not play a 
role” or “has a negligible role”. 

We rephrased that sentence. 

P4, L15: Why not use accumulation (b) and 
surface melt? There is clear relation between air 
temperature (Ta) and surface melt, but it is not 
linear due to feedback mechanisms such as albedo. 
Meltwater refreezing is a much more effective 
densification process than firn compaction, so to me 
it makes more sense to use surface melt instead of 
Ta. In the previous manuscript version, the 
atmospheric data from Box et al., 2013 was used, 
making the choice for b and Ta more logic (as 
surface melt is unavailable, I think). However, in the 
revised version MAR is used, making surface melt 
also easily available. 

Melt would not be of any help in the dry snow 
area where it would have a small value everywhere. 
We do not want to add melt as a third argument to 
our empirical functions because we do not believe 
that our data allows to constrain more complex 
empirical functions. 

 
Additionally, there is no direct validation of 

RCM-derived melt amounts in the firn area. 
 
The non-linearity of the relationship between 

temperature, melt and FAC is reflected by the shape 
of our empirical functions in the LAWSA. 

P4, L30: Here, -19C is used, while the previous 
version reports -16C. Is this difference only due to 
the difference in climatic forcing between Box et al., 
2013 and MAR? 

Indeed Box13’s product gives warmer 
temperatures than MAR, especially in the 
percolation area. Box13 tunes the 2m temperature 
from RACMO2 to fit coastal and ice sheet station. 
MAR is forced by ERA interim, gives air temperature 
at 3 m and has a correction for model biases in 
topography.  

 
It is difficult to know where the difference come 

from (forcing, model  formulation, topography…). 
But all the necessary information are given in the 
dataset’s respective references. 

 
Nonetheless, we define our temperature 

threshold as the inflection point in the FAC vs. 
temperature curve. As a consequence, the -16oC 
isotherm in Box13 dataset is almost identical to the -
19oC isotherm in MAR. This shows again how our 



empirical approach compensates for model biases. 

P5, L5: Again, I think it would be good to 
introduce surface melt as a proxy. Did the authors 
make a FAC vs. melt-accumulation ratio figure? Or 
investigate if there are clear patterns found in the 
accumulation-surface melt space? 

 
Table 2: Why are 11 HAWSA cores also used for 

the DSA fitting? 

For the reasons mentioned above, we wish not 
to include melt as an argument for our empirical 
functions. 

 
 
 
Since the linear relationship between Ta and 

FAC10 seems the same in the DSA and upper 
HAWSA, we use one equation to estimate FAC in 
those two regions. We now mention it in the text. 

P8, L4-10: This method feels a lot like cherry 
picking… There are not enough cores, so one from 
the HAWSA 6 from the firn line are added. How 
does this influence the results and why are only 
these 1+6 added and not more or less? 

Indeed scarce data force us to be inventive. We 
believe that the use of the firn-line locations 
increases the robustness of our approach compared 
to relying only on the cores.  

 
Selecting 6 firn-line sites to complement 10 

cores in the HAWSA will give more importance to 
the cores in the fitting of empirical functions while 
still taking into account the firn-line sites. Other 
selection processes could be deemed as justified as 
ours but we wish not to investigate all of them as 
we state clearly that in the HAWSA we present an 
rough estimate based on scarce data (now stressed 
in the conclusion). Through Figure S3 we are 
completely transparent on how scattered the firn 
line appear in the (Ta, b) space and on which sites 
were selected. 

 
Eventually, we assess our empirical functions’ 

sensitivity to the location and FAC of these firn-line 
sites and include that sensitivity in our uncertainty 
estimate. 

P8, L26: I think Ligtenberg et al., 2018 calculates 
FAC to the density of ice and not pore-close off 
depth. 

True, updated. 

P8, L29: Refer to Figure 4.  
P9, P14: Referring to a 2019-paper is somewhat 

preliminairy. 

We now moved Figure 4 to the method section. 
Updated. 

P9, L23: In Figure 2b, I see a remarkable 
underestimation in 1995-2000 and a remarkable 
overestimation in 2000-2005. What explains this? 

These variations fall within measurement 
uncertainty. These variations could be explained by 
the different teams and measuring technics involved 
in the data from these two periods or by the 
limitation of our predictor (here Ta) during these 
two periods. Therefore we do not think that the 
signal is clear enough to be interpreted. 

P9, L24: add e.g.  
P9, L25: In light of the major remark (see 

above), I find it surprising that firn modelling is here 

Done. 
We hope our new phrasing will reflect the value 

that we give to firn modelling as long as it is used in 



used to confirm the found results. combination with in situ measurements. In that 
sense, the firn modelling of Vandecrux et al. (2018) 
is fed by weather station data and tightly 
constrained by firn cores. 

P11, L7: Was it checked how this relationship 
looks in modeled data: HH, RACMO, MAR? I would 
suspect it also varies spatially, was this checked? 

Here is the FAC10 vs FAC100 plot for RACMO 
and HH_MOD: 

 
The overall slope is of the same magnitude as 

the one we use (4.1). The slope is different in the 
two models and varies spatially and temporally. 

We wish to pursue with our empirically-derived 
relationship. And added mentions of the uncertainty 
applying on our estimation of FACtot throughout 
the text. 

Also, for FAC10 < 3m the relationship in Figure 4 
is lacking confidence. Why is it still fair to be used 
for lower FAC10 regions? 

 
 
 
 
 
 
Figure 6: Can be added to Figure 5 as Figure 5b.  
 
Figure 6: For the cores locations, it is visible that 

all 98-08 cores, expect one, were situated on the 
northern transect, while all 10-17 cores, expect one, 
were located on the southern transect. How robust 
does that make the reported temporal change (35%) 
in LAWSA between these periods? Are we not just 
looking at spatial differences in FAC rather than 
temporal differences?  

 

I guess FACtot was meant here. In spite of its 
high uncertainty, we can still use our values of 
FACtot as the best observation-derived estimate. 
For the validation of RCM however, we agree that it 
should be done only with robust data. We now only 
use the 29 observed FACtot. We now also stress the 
uncertainty of our FACtot estimate when comparing 
with the RCM-derived spatially integrated FACtot. 

 
Updated. 
 
We added in the methods: 
 “Although observation locations in 1998-2008 

and 2010-2017 can be different, few samples 
available at the same sites (e.g. Crawford Point, Dye-
2) in both time slices ensure that FAC10 changes are 
more likely due to a temporal evolution rather than 
from the different spatial coverage of each period’s 
constraining dataset.” 

P14, L2: That is a very open door, as FAC10 and 
FACtot are linearly related in the used method… 

Although trivial, we thought that not 
mentioning it would leave the reader wonder which 
depth interval this statement applies to. 

P14, L7: Here it is stated that the LAWSA FAC10 
loss from 98-08 to 10-17 is 24%, while on P12, L14 it 
is 35%. Please check your numbers carefully! 

 

The numbers were updated. 
 
 
 



P14, L8: Please remark that is likely unrealistic 
(as was also mentioned in P12, L4-9). 

We added: 
“The corresponding decrease in FACtot indicates that 
potentially up to 700 ± 490 km3 of air may have 
been lost from the total firn column. In this we 
assume that the FAC10 decrease propagated to the 
entire firn column (see Section 2.5), which might not 
be accurate. Insufficient data are available to 
determine precisely how much FAC was lost below 
10 m and we can only give a hypothetical upper 
bound to the FACtot decrease.”  

P14, L10-16: I do not agree. It is (very) likely that 
melt is the main contributor, as in %-change in melt 
has a nth time higher effect on FAC than the same 
%-change in precipitation. Also, large changes in 
melt are well documented and observed, while 
precipitation changes are small or insignificant. 

 
 
P14, L19: I would replace “Box” by “Box13” 

That is what we say: Numerous studies show 
that most of the densification is melt-related. 
However we remind the reader that changes in 
precipitation can also have an impact on density, 
that precipitation is currently not being monitored 
in the firn area and that RCMs give contradicting 
trends. 

 
Updated 

 
P14, L24: By saying, “Additionally, in these 

regions no firn observations are available to 
constrain our FAC10 estimates”, you basically say 
that this procedure should not be used in these 
regions. This is something I agree with. When there 
are sufficient FAC observations, the used method is 
valuable and definitely adds insight to what we 
know. However, when at most a handful of 
observations is available (as in the S and SE, or in the 
HAWSA as a whole), these regions should be 
masked from the results. 

 
For comparison, Harper et al.’s Nature article 

used 15 firn cores and localized radar transects to 
define the retention capacity of the entire 
percolation area. We believe that the 10 cores 
available in the HAWSA are sufficient to make a 
rough estimate of the FAC in that sub-region. Yet we 
are transparent and mention several times that our 
estimate in the HAWSA could be improved by 
additional measurements. 

L15, P5-6: Would help to re-iterate that the 
infiltration ice density is used to convert km3 in Gt.  

 
P15, L7-10: Sentence is too long. 
 
Table 4: Can be merged into Table 3 as the two 

are directly linked through the infiltration ice 
density. 

The infiltration ice density is reintroduced and 
discussed two paragraphs later. 

 
The sentence was split. 
 
Tables were merged. 

P15, L15-17. The difference between the here 
reported storage capacity (310 Gt) and the one by 
Harper et al., 2012 (1289 Gt) is a factor 4. Even with 
increasing knowledge, more observations, etc. this 
is a difference that very difficult to fully explain. 
Could the modeled FAC (HH, RACMO, MAR) indicate 
which of two might be more likely? 

We give the recent FAC decrease as well as our 
assumptions may explain our lower estimates. 

 
Other biases apply to the RCMs: they generally 

predict bare ice in the western lower percolation 
zone and thick firn at the firn line in eastern 
Greenland. We already dedicate a full section to the 
comparison with RCMs. We wish, in this section, to 
to compare our product with another observation-
derived estimate. 



 
Of course we believe that our approach is better 

than the one from Harper et al.. But we are little 
interested in these uncertain integrated values 
which are in fact not very useful in practice and 
rather highlight the real novelty of our approach: 

“Yet, beyond these integrated values, our approach 
allows to quantify the firn retention capacity and the 
corresponding uncertainty at any location of the firn area. 
Our product can therefore be used in combination with, 
for instance, remotely sensed melt extent to derive which 
areas of the firn actively retain meltwater and evaluate 
the retention capacity there.” 

P16, L7: “firn aquifers” or “the firn aquifer”.  
 
P16, L8-10: I do not agree. Firn aquifers contain 

liquid water that can resides there for ~30 years, 
which to me is too long to simply neglect it. On the 
other hand, all refrozen meltwater is included here 
as it is “retained for centuries” (P16, L10). The latter 
is definitely not true in the current (fast-)changing 
climate. This manuscript reports that over the last 
decade alone the FAC in LAWSA has decreased with 
24%. If that rate continues, some of the refrozen 
meltwater will re-melt and runoff in a summer 
within the next 30 years. To me, it is therefore not 
correct to include this refrozen retention while 
excluding the firn aquifer liquid water. 

Updated 
 
Miller et al. 2018 themselves define aquifers as 

“short term” storage as opposed to refreezing: 
“Firn can serve as a substantial storage reservoir 

for meltwater (Harper et al., 2012; Humphrey et al., 
2012). However, flow within the firn aquifer 
suggests that in areas where firn aquifers occur, 
storage is short term (residence time <30 years). “ 

 
It is hard to know exactly the pace at which the 

firn will adapt to a warming climate. Yet, following 
the approach suggested by the reviewer we can 
make a simple extrapolation. Let us consider a firn 
location that lost 24% of its storage capacity over 20 
years (1998-2017). Keeping the filling or warming 
rate constant, it will take potentially another 60 
years to completely saturate and turn into ablation 
area. Then only the surface will start to ablate and it 
will take again many years until the water that was 
refrozen reaches the surface again and is finally 
melted. 

P18, L5: RMSE.  
Table 5: Would be interesting to include the bias 

and RMSE for the empirical method as well, for 
comparison. 

P18, L15: Would be valuable to indicate the 
uncertainty interval.  

Changed for RMSD. 
We already give our empirical function’s RMSD 

in section 2.4.1 and 2.4.2. 
 
Here adding a number to that complex sentence 

may confuse the reader. We now point at the Figure 
7e where the comparison and uncertainty are 
illustrated. 

P18, L20-23: You refer to biases in the 
modeled SMB of RACMO and MAR, but biases 
compared to what? This paragraph is unclear. 

 

The paragraph was rephrased: 
“Noël et al. (2018) found that the surface mass 

balance of RACMO2.3p2 in the accumulation area 
was on average slightly lower than observations, 
indicating excessive sublimation or runoff relative to 
snowfall in the model. This surface bias could 
explain the model’s underestimation of FAC10 in the 



LAPA at point scale (Figure 6, Table 5) and on 
spatially integrated values (Figure 7). On the other 
hand, MARv3.9 has slight positive biases in surface 
mass balance compared to observations (Fettweis et 
al. 2017). And although the RCM simulates too 
much precipitation relative to melt, it also 
underestimates FAC10 in the LAPA. Surface forcing is 
therefore not the only factor influencing the FAC 
estimates by the RCMs.” 

 

P19, L3: By saying “HIRHAM overestimation 
of FACtot in DSA…”, it is implied as if FACtot is 
an objective observation that can be used to 
test other estimates. FACtot is however far 
from a direct observation. 

Mentions like “overestimate” were removed 
unless applying on the validation of RCMs against 
the dataset of observed FAC10 and observed 
FACtot. 

P19, L12: I would be very hesitant to draw 
strong conclusions about the performance of 
RCMs in the HAWSA. The HAWSA FAC numbers 
reported here are based on only a few 
observations. 

 
 

This paragraph does not present any strong 
conclusion. We intend to say that the RCM-derived 
FAC is further away from our estimate when 
comparing spatially integrated values than point 
observations. We relate this difference to our 
assumption that FAC goes to 0 at the remotely 
sensed firn line when the RCM calculate higher FAC 
around the south-eastern portion of the firn line. 
We conclude that no firn observation is available to 
ascertain what is the FAC gradient at the firn line in 
the HAWSA. 

P20, L5: add “by the extreme summers of 
2010 and 2012”.  

 
P20, L6: Is this decreasing FAC10 trend in 

the RCM significant? 
In Figure 2, it is visible that in the 1990s the 

highest FAC were reported, so does that not 
also generate a small decreasing trend in the 
observational record? 

Added 
 
 
Statistical analysis on monthly values shows a 

significant trend. Yet it is difficult to discuss trends in 
RCM-derived FAC when these values do not come 
with confidence interval. 

Nevertheless we rephrased to: 
“In the DSA, RCMs show a FAC10 decrease ranging 
from -120 km3 in MARv3.9 to -282 km3 in 
RACMO2.3p2 between 1998 and 2017. These 
decreases contradict with our conclusion that FAC 
has not changed significantly in the DSA over that 
period (Section 3.1).” 

 

P20, L7-9: Why should it be a flaw in the 
models? Would be fair to list all possibilities. 

We added: 
“… iii) the spatial heterogeneity and uncertainty 

of FAC observations leading to spurious conclusions 
from our dataset. Yet, finding identical firn density 
profiles decades apart at several sites (e.g. Summit, 
Camp Century) adds confidence to our findings.” 

 

P20, L18: This is a very shaky conclusion. We give the upper bound of the decrease. We 



Since FACtot and FAC10 are linearly related in 
this manuscript, these numbers follow logically 
from one another. However, it is very unlikely 
that the total FAC has decreased by this much. 

add “potentially” to mark the hypothetical value. 

P20, L21: As mentioned in my major remark 
(see above), I do not fully agree with this. Both 
methods have their pro’s and con’s. The results 
presented here also show that there are some 
regions where insufficient FAC observations are 
available to map all spatial variations in FAC. For 
these locations, RCMs estimates are very useful. 

We believe that this statement is fair. We do not 
claim that our product is better. 

We add: 
“The RCMs also allow an estimation of FAC in 

regions where no measurements are available.” 
Yet warning RCM users about the biases of RCM 

firn product does not seem too controversial to us. 
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Abstract. A thick and porous layer of snow known as firn coversThe firn covering the Greenland ice- sheet interior. The firn 

layer buffers can retain part of the surface melt each summer, buffering the ice- sheet contribution to sea-level rise by 

retaining a fraction of summer melt as refrozen ice. In this study we . To quantify the firn air content (FAC), an indicator of 

meltwater retention capacity, associated with we derive from 360 pointfirn observations. We quantify FAC in both the 

uppermost 10 m and the Firn Air Content in the top 10 m (FAC10) and in the entire firn column before interpolating (FACtot). 

We then map the FAC over the entire ice-sheet firn area as anusing empirical functionfunctions of long-term mean air 

temperature (𝑇𝑎
̅̅ ̅) and net snow accumulation (𝑐̇̅).𝑏̅̇) fitted to observations. We assessfind that the firn layer contains a total 

ice-sheet wide FAC of 26 800 ± 1 840850 km
3
, of whichair, with 6 500 ± 450 km

3
 resides withinin the uppermosttop 10 m of 

firn, during the 2010-. The FAC was stable between 1953 and 2017 period. Inin the dry snow area (𝑇𝑎
̅̅ ̅ ≤ -19°C), FAC has not 

changed significantly since 1953. In≤-19
o
C), while it decreased by 24 ±16% in the low accumulation percolationwet snow 

area (𝑇𝑎
̅̅ ̅> -19°C and 𝑐̇ ̅>-19

o
C 𝑏̅̇ ≤ 600 mm w.eq. yr

-1
), FAC has decreased by 23 ± 16%) between 19981997-2008 and 

20102011-2017. This reflects leading to a loss of firn retention capacity of between 150 ± 100 Gt (top 10 m) and 540 ± 

440450 Gt respectively from the top 10 m and entire(whole firn column.). The top 10 m FACs simulated byoutputs of three 
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regional climate models (HIRHAM5, RACMO2.3p2, and MARv3MAR3.9) agree within 12%compare well with 

observationsobserved FAC10. However, model biases in the total FAC and marked regional differences highlight the need 

forFACtot and other mismatches with our dataset urge caution when using models to quantify the current and future 

FACevolution of the firn air content and firn retention capacity. 

 

1. Introduction 

As a consequence of the anthropogenic carbon emissions and subsequent atmospheric and oceanic warming associated with 

anthropogenic climate change, the Greenland ice sheet is losing mass at an accelerating rate. The ice sheet is now 

responsible for approximately, and contributes to about 20% of contemporary sea-level rise (Bindoff et al., 2013; Nerem et 

al. 2018). Over half of this ice-sheet mass loss stems from summer surface melt and subsequent occurring every summer at 

the surface of the ice sheet and meltwater runoff intoto the ocean (van den Broeke et al., 2016). While most meltwater runoff 

originates from the low-elevationlying ablation area, the surface melt area is now expandinghas recently increased and 

expanded up-glacier into the high-elevation firn-covered interior of the Greenland ice sheet (Mote et al. 2007;, Nghiem et al., 

2012). Rather than flowing horizontallyYet, most of the surface meltwater produced at the surface of thein firn area-covered 

regions percolates vertically into the underlyingsnow and firn where it refreezes, and thereby does not immediately 

contribute to sea-level rise (Harper et al., 2012). Hence, the meltwater retention capacity of Greenland’s firn is a non-trivial 

parameter in the sea-level budget. 

 

Assessing meltwater retention  the retention capacity of the firn in Greenland requires knowledge of both the extent of the 

firn area, as well as the spatial distribution of depth-integrated firn porosity or firn air content (FAC). The extent of the firn 

areaarea of the Greenland ice sheet constitutes a key parameter in sea-level equation. 

 

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

annual snow cover recedes during the melt season”. Recently, Fausto et al. (2018a) updated the methods from Fausto et al. 

(2007) and presented maps of remotely -sensed end-of-summer snowlines over the 2000-2017 period. These maps 

effectively provide an annual delineation of Greenland’s firn area. that can be used to map the firn area. 

 

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

air contained withinin the firn from the surface to a certain depth per unit area (van Angelen et al., 20132012; Ligtenberg et 

al., 2018). FAC quantifies It is a measure of the firn porosity and indicative, for a specified depth range, of the maximum 

pore volume available per unit area to retainstore percolating meltwater, either in liquid or refrozen form (Harper et al., 

2012; van Angelen et al. 2013). Previously, ice-sheet wide firn 2012). While the role of FAC in meltwater retention capacity 
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has long been estimated usingrecognized, insufficient data from the firn area in Greenland made it necessary, until lately, to 

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

(RCM) simulations (, van Angelen et al., 2013).) to constrain the firn’s meltwater retention capacity. Harper et al.., (2012) 

providedgave a first empiricalobservation-based estimate of the firn’s meltwaterthis retention capacity inof the ice- sheet 

percolation area using two years . Their approach was limited by the use of observations from two years (2007 and 2008) 

atand 15 sites inalong the western Greenland. While pioneering, their approach did not acknowledge the slope of the ice 

sheet without regards to the diversity of firn characteristics across the ice sheet’s diverse firn regimes (sheet (e.g. Forster et 

al. 2014; Machguth et al., 2016). More recently, Ligtenberg et al. (2018) provided ana RCM simulation of the FAC that 

generally compares which compared well against observations in 62 firn cores, but substantially. Nevertheless, their FAC 

simulation still underestimated FAC in the western lower accumulation area. Focusing on meltwater percolation area., 

Langen et al. (2017) also compared how the output of HIRHAM5 RCM compared against 75 firn density profiles while its 

FAC has not been investigated.  

 

The depth to which meltwater may percolate, and therefore the depth range overto which FAC must be integratedcalculated 

to constrain the firn’s meltwater retention capacity, varies with melt intensity and firn permeability (e.g. Pfeffer et al., 1991). 

This makes the maximum depth of meltwater percolation both temporally and spatially variable, as high lighted by the 

following studies. Braithwaite et al. (1994) and Heilig et al. (2018) reported meltwater refreezing within the top 4 m of the 

firn in western Greenland respectively at ~1500 m a.s.l. during summer 1991 andwhile Heilig et al. (2018) did not observe 

meltwater percolation below 2.3 m from the surface throughout 2016 melt season, at 2120 m a.s.l. during the 2016 melt 

season.also in west Greenland. Both studies indicate that, at specific sites and years, meltwater is stored inonly the near-

surface FAC. was being used to store meltwater. However, firn temperature measurements in 2007-2009 ~400 km to the 

north and at 1555 m a.s.l. in west Greenland (., Humphrey et al., 2012) as well as  the presence of firn aquifer at depth 

greater than 10 m in southeast Greenland (Miège et al., 2016) both show that meltwater can percolate below 10 m depth in 

the firn. This deep . (2012) observed percolation impliesbelow 10 m, meaning that, for certain firn conditionstemperature 

and stratigraphy and given sufficient surface meltwater, the FAC of the totalwhole firn column, from the surface to the firn-

ice transition, maypore-close-off depth, might be used for meltwater retention. FinallyNevertheless, Machguth et al. (2016) 

showshowed that percolation depth may not increase linearly with meltwater production, and insteadthat low-permeability 

ice layers can limit meltwater, even if abundant meltwater, from percolating intoaccessing the entirefull firn column. Given 

the complexity of meltwater percolation and the paucity oflimited observations to map percolation observationsdepth on the 

Greenland ice sheet, reasonable upper and lower bounds of the meltwater retentionfirn’s capacity of firn can be estimated by 

determining both the FAC throughin the top 10 m of firn (FAC10) and the total firn columnFAC (FACtot) and within the 

uppermost 10 m of firn column (FAC10), respectively (Harper et al. 2012). FACtot is also valuable information to convert 

remotely -sensed Greenland ice sheet surface height changes into mass changes (Simonsen et al. 2013; Sørensen et al., 2011; 

Simonsen et al. 2013;, Kuipers Munneke et al. 2015a). 
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In this study, we first compile a datasetestimate the firn area extent using remotely-sensed end-of-summer snow extent maps 

from Fausto et al. (2018a).  We then use a set of 360 firn observations, collected between 1953 and 2017, and quantify the 

observed FAC. We then extrapolate these point-scale observations across the entire ice-sheet firn area as empirical functions 

of long-term mean air temperature and mean snow accumulation. The point observations are thereby used to resolves the 

spatial distribution of FAC, but also, to calculate the spatial distribution of FAC10 and where possible, present its temporal 

evolution. We use aA simple extrapolation is introduced to estimate the FACtot from FAC10 where firn cores do not extend to 

the firn-ice transition. Spatial integration ofthe FAC10. By spatially integrating FAC10 and FACtot over the firn area permits 

estimating, we calculate the lower and upper bounds, respectively, of the Greenland firn’s meltwaterfirn retention capacity. 

Finally, we evaluate the FAC simulated by performance of firn simulations in three regional climate models (RCMs, that 

are), commonly used to evaluate ice-sheet wide firn meltwater retention capacity, but that have never been compared to 

validated with such extensive firn datasetdata collection. 

2. Data and methods 

2.1. Firn core dataset and firn area delineation 

We compiled 340 previouslygathered 324 published Greenland ice-sheet firn-density profiles of from cores that were at least 

5 m in depthlong (Table 1). To these, we added an additionaladd 20 cores extracted in April-May 2016 and 2017, for which 

firnthe density was measured at 10 cm resolution following the same procedure as Machguth et al. (2016(2016). Most of 

these density profiles are available in Montgomery et al. (2018). When near-surface snow densities were missing, we 

assigned a density of 315 kg m
-3

 (Fausto et al., 2018b) to the top centimetrecm and interpolatedinterpolate over the 

remaining gaps in density profiles 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. 

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) 47 
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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 

 

WeIn 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 detected during, which are the 2000-2017 period. This 1 ,405 ,500 km
2
 area, where snow is always 

detected during the 2000-2017 period, is taken to represent the ice sheet’s current firn area.. Moving this firn line 1 km 

inward or outward,  (the resolution of the product from Fausto et al. (2018a), suggests)) suggest an uncertainty of ±17 ,250 

km
2
 (~1%). AdditionalThis uncertainty applies on the margin of the firn area where ephemeral or thinner firn patches may 

exist outside of our delineation. Owing to the inherentlikely thinness of firn at the accumulation area lower elevation 

boundary of the firn area, we expect these omitted firn patches tothe boundary does not play a negligible role in the overall 

meltwater retention capacity of the firn area. 

2.2. Calculation of FAC10 

For a discrete density profile composed of N sections and reaching a depth 𝑧, the FAC in metersm is calculated as: 

𝐹𝐴𝐶𝑧 =  ∑ 𝑚𝑘 (
1

𝜌𝑘
−

1

𝜌𝑖𝑐𝑒
)𝑁

𝑘=1 ∑ 𝑚k (
1

𝜌k
−

1

𝜌𝑖𝑐𝑒
)N

k=1        [1] 

where, for each depth interval k, 𝜌𝑘 is the firn density and 𝑚𝑘 is the firn mass. 𝜌𝑖𝑐𝑒 is the density of the ice, assumed set to be 

917 kg/m
3
. 

 

With 121 cores shorter than 10 m in our dataset, we extrapolate shallow measurements to a depth of 10 m. We do this by 

finding the longer than 10 m long core that best matches the FAC-versus- vs. depth profile of the shorter than 10 mshallow 

core, with the lowest root mean squared differenceRoot Mean Squared Difference (RMSD) amongst all available cores. We 

then, and append the bottom section of this longer than 10 m‘twin’ core to the FAC profile of the shorter than 10 mshallow 

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 mean difference between extrapolated and 

real FAC10 <inferior to 1% and ana RMSD of 0.15 m. 
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We assess theThe accuracy of the firn density measurements, 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 Supplementary 

Material). A standard deviation below 0.15 m is found in the majority of the co-located and contemporaneous FAC10 

observations (20 of 27 groups of comparable observations). We correspondingly assign to FAC10 measurements an 

uncertainty of ±0.3 m, i.e., twice thisthe standard deviation, to FAC10 measurements. 

2.3. Zonation of firn air content 

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

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

refreezing within the firn, as well as firn temperature and compaction rates. Through these processes, increasing air 

temperature acts to decrease FAC (Kuipers Munneke et al., 2015b).has a lowering effect on FAC10. On the other hand, snow 

accumulation introduces low-densityporous fresh snow at the surface. Increasing snowfall thus acts to increase FAC and has 

an increasing effect on FAC10. To put our FAC10 measurements in their climatic context, we extract the long-term (1979-

2014) average annual net snow accumulation 𝑐̇ ̅ 𝑏̅̇ (snowfall – sublimation) and air temperature 𝑇𝑎
̅̅ ̅ for each FAC10 

measurement location from the nearest 5 km
2
 cell ofin the Modèle Atmosphérique Régional (MARv3.5.2; Fettweis et al., 

2017). )  available at 5 × 5 km horizontal resolution. 

 

FollowingIn accordance with the terminology offrom Benson (1962), we define three regions where FAC10 shows distinct 

regimesbehaviour: (1) the dry snow area (DSA, yellow area in Figure 1a); (2) the low accumulation percolationwet snow 

area (LAPALAWSA, red area in Figure 1a); (3) the high accumulation percolationwet snow area (HAPAHAWSA, green 

area in Figure 1a). The DSA encompasses low temperature regions of high altitude and/or latitude where melt is uncommon 

and where FAC10 can be related by a linear function of  𝑇𝑎
̅̅ ̅ (yellow markers in Figure 1c). Two distinct firn regimes emerge 

towardsTowards higher 𝑇𝑎
̅̅ ̅, meaningi.e. at lower altitude and/or latitude., two patterns are visible in Figure 1c. Firstly, 

towardsat lower 𝑐̇ ̅, 𝑏̅̇ sites, in the LAPALAWSA, more scatter appears in FAC10, and thea slope ofchange occurs in the 

FAC10FAC10’s temperature dependency changes.(Figure 1c). Secondly, towardsat higher 𝑐̇̅,  𝑏̅̇  (in the HAPA,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 

HAPAHAWSA are up to five times higher than at locations with similar 𝑇𝑎
̅̅ ̅ in the LAPALAWSA (Figure 1c). 

 

The boundary that delineates between the cold (DSA) and warm regions (LAPALAWSA and HAPAHAWSA) can be 

defined as the temperature where an inflection occurs in the linear dependency of FAC10 onto  𝑇𝑎
̅̅ ̅ (Figure 1c). We interpret 

the slope break in the temperature dependence of FAC10 as the upper limit of frequent meltwater percolation and refreezing 

within the firn which Benson et al. (1962) defined as the dry snow line. While the The transition between cold and warm 
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areasareas, just as between the facies described by Benson et al. (1962), is gradual in practice,, but for our analysis, we set 

this boundary to  𝑇𝑎
̅̅ ̅ = -19 

°
C. Our LAPA and HAPA here stretch from the dry snow line to the firn line and therefore also 

include the so-called wet snow facies defined by Benson et al. (1962). The snowfall boundary that delineates the low and 

high accumulation percolation areas
o
C. No firn observation is more difficult to characterize. There are insufficient firn 

observations available alongin the transition from LAPAthe LAWSA to HAPA. The snowfallthe HAWSA. A boundary 

could be anywhere between 543 mm w.eq. ./yr
-1

 (the (core with highest accumulation LAPA corein the LAWSA, Figure 1b) 

and 647650 mm w.eq. yr
-1

 (thecore with lowest accumulation HAPA corein HAWSA, Figure 1b). Acknowledging this 

uncertainty, we We chose the roundrounded value of  𝑐̇ ̅𝑏̅̇  = 600 mm w.eq. yr
-1

 to separate LAPA and HAPA.LAWSA from 

HAWSA. The spatial delineations of the DSA, LAPALAWSA and HAPAHAWSA are illustrated in Figure 1a.  
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Figure 1. a) Spatial distribution of the FAC10 dataset. The DSA, HAPALAWSA and LAPAHAWSA are indicated respectively 

using yellow, green and red areas. b) Distribution of the dataset in the accumulation-temperature space (𝒄̅̇𝒃̅̇ and 𝑻𝒂
̅̅̅̅ ).  FAC10 value 

is indicated by a coloured marker. Black lines and shaded areas indicate where the extent of firn is detected in the accumulation-

temperature space. c) Temperature dependency of FAC10 in the DSA (yellow markers), LAPALAWSA (red markers) and 

HAPAHAWSA (green markers). 

2.4. FAC10 interpolation 

To interpolate point-scale observations ofFirn air content mapping 

To map FAC10 over the entire ice-sheet firn area, we describe FAC10 observations usingfit empirical functions of long-term 

mean air temperature to the FAC10 observations and net snowfall.use these functions to spatially interpolate and extrapolate 

FAC10. The derivationconstruction of these empirical functions is described in the following sections and an overview of 

their general form as well as theand their associated data used to constrain them areis presented in Table 2. 

 

Table 2. Overview of the empirical functions fitted to FAC10 observations in each region of the firn area.  

Area Period Form Observations used for fitting 
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DSA 

& 

upper HAPA 

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

● 259 from the DSA 

● 1911 from the HAPAHAWSA 

LAPA 

& 

HAPALAWS

A 

& 

HAWSA 

2010 - 2017 
● Smoothed bilinear 

function of 𝑇𝑎
̅̅ ̅ and 𝑐̇̅ 𝑏̅̇. 

 

● Cannot exceed the 

FAC10FAC estimated with Eq. 

2. 

● 25 from the LAPALAWSA 

● 10 from the HAPAHAWSA 

● 6 selected from firn line in the 

HAPAHAWSA 

LAPALAWS

A 
1998 - 2008 

● 38 from the LAPALAWSA 

● 1 from the HAPAHAWSA 

● 6 selected from the firn line in the 

HAPAHAWSA 

 

2.4.1. Dry snow area 

Dry Snow Area 

In the DSA, the 259 FAC10 observations obtained between 1953 and 2017 can be approximated by a linear function of 

depend linearly on their local 𝑇𝑎
̅̅ ̅ (Figure 1c). This dependency is the same for the 1911 FAC10 observations from the upper 

HAPA available between 1981 and 2014.HAWSA. We consequently include these observations so thatuse a linear function 

of 𝑇𝑎
̅̅ ̅ fitted using least squares method to the linear relationship remains valid in the upper HAPA (Section 2.4.2). These 278 

FAC10 observations are thenobserved in both DSA and HAWSA (Figure 2a) binned into four equal 𝑇𝑎
̅̅ ̅ ranges (to avoid the 

overrepresentation of clustered data (Figure 2a). Eventually, a linear function of 𝑇𝑎
̅̅ ̅ is fitted to the bins’ average FAC10 

using least squares method to ) to estimate the FAC10 in the DSA: 

𝐹𝐴𝐶10(𝑇𝑎
̅̅ ̅ ) =  −0.08 ∗  𝑇𝑎

̅̅ ̅  + 3.27       [2] 

We assign to any FAC10 estimated in the DSA using Eq. 2 an uncertainty equal to twice the regression’s RMSD: 0.4 m. 

Although FAC10 is also dependant on 𝑐̇ ̅, the residuals from Eq. 2 do not present any correlation with their respective  𝑐̇̅ 

values. It indicates that because of the intrinsic co-variability of 𝑐̇̅ and 𝑇𝑎
̅̅ ̅, most of the variations in observed FAC10 can 

be explained using either 𝑐̇̅ or 𝑇𝑎
̅̅ ̅. Insufficient data are available to disambiguate the role of 𝑐̇ ̅ and 𝑇𝑎

̅̅ ̅ in FAC10 variations 

in the DSA. We therefore choose to use only 𝑇𝑎
̅̅ ̅ in Eq. 2. 
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Figure 2. a) Linear function of 𝑻𝒂
̅̅̅̅  fitted to FAC10 observations from the DSA and upper HAPA. b) Residual between estimated 

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

 

2.4.2. Percolation areas 

. 

 

Wet Snow Areas 

In the LAPALAWSA and in the HAPAHAWSA, FAC10 observations exhibit a more complex dependency on 𝑐̇̅to  𝑏̅̇ and 𝑇𝑎
̅̅ ̅ 

(Figure 1b and 1c). Additionally, observations are unevenly distributed in space and time. Thus which forces us to reveal the 

temporal trends ingroup FAC10, the observation dataset is divided measurements into two time -slices that each 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 LAPA, stretchingLAWSA, from the upper boundary 

oftransition with the LAPADSA down to the vicinity of the firn line. During that same period, 10 firn cores were collected in 
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the HAPAHAWSA. Unfortunately, in addition to their small number, the cores are located relatively far into the interior of 

the ice sheet and do not describe how the FAC10 decreases in parts of the HAPAHAWSA closer to the firn line. We 

consequently complement these firn cores with 6 sites, selected on the remotely -sensed firn line, where FAC10 is assumed to 

be null (Figure S3). FAC10 

 

We define our empirical function, valid in the LAPALAWSA and HAPA duringHAWSA for the 2010-2017 is then 

described byperiod, as a smoothed bilinear function of 𝑇𝑎
̅̅ ̅ and 𝑐̇̅ 𝑏̅̇ 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 upper HAPA (Eq. 2)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 HAWSA during the 2010-2017 period. 

 

Prior toIn the years preceding 2010, insufficient data are available to document the FAC10 in the HAPAHAWSA. In the 

LAPALAWSA, however, 3534 observations were made between 2006 and 2008 and three cores were collected in 1998. 

TheseWe group these measurements are used to describe the spatial distribution of FAC10 in LAPAthe LAWSA during the 

1998-2008 period by a and to fit another function, this time only valid in the LAWSA during the 1998-2008 period,  also 

smoothed bilinear function of  𝑇𝑎
̅̅ ̅ and 𝑐̇̅. 𝑏̅̇ . To ensure that our empirical function has realistic values towards the transition 

with the HAPAHAWSA, we also include one core collected in the HAPAHAWSA in 1998. We also include and the 

previously described six locations from the firn line in the fitting process (Figure 3a). Although observation locations in 

1998-2008 and 2010-2017 can be different, few samples available at the same sites (e.g. Crawford Point, Dye-2) in both time 

slices ensure that FAC10 changes are more likely due to a temporal evolution rather than from the different spatial coverage 

of each period’s constraining dataset. 

 

The empirical functions used to estimate the FAC10 in the LAPA and HAPA (Figure 3), when compared to FAC10 

observations, have a RMSD of 0.28 m in the LAPA over the 1998-2008 period, 0.27 m in the LAPA over the 2010-2017 

period and 0.17 m in the HAPA over the 2010-2017 period. 

 

We investigate the robustness of our empirical functions in the HAPAHAWSA and LAPALAWSA using, for each period 

separately, the following sensitivity analysis. For 1000 repetitions, we apply four types of perturbations to the FAC 10 

observations and then re-fit our empirical functions.function to this perturbed dataset. The effect of the availability of 

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

11% of the observations in 1998-2008 and 2010-2017 and 1998-2008, respectively).). The effect of uncertainty in the firn 

line location in the (𝑇𝑎
̅̅ ̅ , 𝑐̇ ̅) (𝑇𝑎

̅̅ ̅ ,   𝑏̅̇) 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 

Formatted: Font: 10 pt, Not Bold, Font
color: Auto



 

12 

1 

 

Formatted: Normal

Formatted: Font color: Black

Formatted: Normal, Border: Top: (No
border), Bottom: (No border), Left: (No
border), Right: (No border), Between :
(No border), Tab stops:  7,96 cm,
Centered +  15,92 cm, Right

firn line is assessed by assigning to the points selected from the firn- line-derived points 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. Following 1000 repetitions of the above-mentioned four perturbations to the 

FAC10 observations, we then We then calculate the standard deviation of all empiricallypossible estimated FAC10 values 

within theat each (𝑇𝑎
̅̅ ̅ , 𝑐̇ ̅) parameter space. We then (𝑇𝑎

̅̅ ̅ ,   𝑏̅̇) location and double this standard deviation to approximateit to 

quantify the 95% envelope of uncertainty envelope for empiricallythat applies to any estimated FAC10 in the LAPA and 

HAPA.LAWSA and HAWSA depending on (𝑇𝑎
̅̅ ̅ ,   𝑏̅̇). We do not consider that the uncertainty applying on an estimated 

FAC10 can be smaller than the one of FAC10 observations. We consequently set 0.3 m as the minimum possible uncertainty 

on any estimated FAC10. 

 

 

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

observations used to constrain the functions. Two functions could be constructed:  (a) describing FAC10 in the LAPA during 1998-

2008 and (b) describing FAC10 in the LAPA and HAPA during 2010-2017. 

2.5. Estimation of the FACtot 

While FACtot shouldmay be integratedcalculated from the ice-sheet surface down to thepore close off depth where firn 

reaches the density of ice (Ligtenberg et al., 2018). This depth varies in space and time across the ice sheet but is poorly 
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documented. Additionally, the RCM ), to allow comparison with HIRHAM5 (evaluated in Section 3.3) doeswhich 

sometimes do not reach ice density at the bottom of its column in certain locations. We therefore pore close off, we calculate 

FACtot as the vertically integrate FAC from the surface to a standard 100 m depth. Only 29 of our 360 firn observations reach 

depths greater than 100 m. We therefore  so we complement these core observations withthem by 13 ground-penetrating 

radar observations of FACtot from Harper et al. (2012).Using the least squares method with an intercept of zero, we fit the 

following linear regression between FAC10 and FACtot (Figure 4): 

𝐹𝐴𝐶𝑡𝑜𝑡 =  4.1 ∗  𝐹𝐴𝐶10       [3] 

This function infers) that FACtot is approximately 410% FAC10. While we acknowledge this relation is straightforward, we 

highlight that it is statistically robust. We assign 3.6 m, twice the RMSD of the linear regression, as the typical uncertainty 

applying on an estimated FACtot
 
value that can in theory vary between 0 and ~25 m. 

 

Figure 4. Linear regression  at their core sites from ground penetrating radar. A linear function is fitted to these data and is 

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

As a result of deriving FACtot as a function of FAC10 (Eq. 3), any change in FAC10 between two dates implies a proportional 

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). We therefore note 

that for a decreasing FAC10 (see Section 3.2.1), our estimated change in FAC tot corresponds to the maximum possible change 

associated with the whole firn column having sufficient time to adapt to the new surface conditions.  

2.6. Spatially integrated FAC , uncertainty and retention capacity 

We define, for any ice-sheetFor each region, the spatially integrated FAC asis the cumulatedsum of the entire firn air volume 

of aireither within that region either in the top 10 m of firn or forin the totalwhole firn column (top 100 m). . The uncertainty 
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associated with the empiricallyapplying on our estimated FAC10 and FACtot at a given location are not cannot be considered 

independent from other locations because all estimates are made using the same functions of 𝑇𝑎
̅̅ ̅ and 𝑐̇ ̅ are applied across the 

ice sheet.and 𝑏̅̇. Consequently, we consider that the uncertainty of the mean of several FAC in a specific regionvalues is the 

mean of FACeach value’s uncertainty values therein and that the uncertainty of spatially integrateda sum or difference of 

FAC values is the sum of the uncertainty applying on these FAC values in the considered region. 

 

We useFrom the estimated FAC to, we calculate the meltwater firn’s maximum retention capacity of the firn., which Harper 

et al. (2012) defined the firn retention capacity 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 firn saturated by refrozen meltwater measured in firn coresinfiltration ice. 

2.7. Comparison with Regional Climate Models 

We compare our FAC10FAC observations and spatially integrated FAC estimatesmaps to the available firn products 

available from three RCMs:  HIRHAM5, RACMO2.3p2 and MARv3.9. HIRHAM5 output is available at 5.5 km spatial 

resolution and isThe two versions of HIRHAM5 presented in Langen et al. (2017). Two versions of HIRHAM5) 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. (2018), provides FAC at a 5.5 km resolution.(2019). MARv3.9 iswas presented in Fettweis et al. (2017), only) and 

simulates only FAC10 because of its shallowa shallower subsurface domain and has a spatial resolution of 15 km..  

3. Results and discussionDiscussion 

FAC estimation 

3.1.1.1.1.1. Dry snow area 

3.1. Spatio-temporal distribution of FAC 

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

𝐹𝐴𝐶10(𝑇𝑎
̅̅ ̅ ) =  −0.08 ∗  𝑇𝑎

̅̅ ̅  + 3.27       [2] 

weWe 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 unchanging the stability of the FAC10 in that areathe DSA between 1953 and 2017. This 

inference of widespreadThe stable FAC in the DSA is confirmed at point scale by firn cores in our dataset taken decades 
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apart at the same sites but decades apart,and  showing the same FAC (Summit, Camp Century, e.g.). This result is also 

corroborated.) and by recent firn modelling at weather stations located in the DSA (Vandecrux et al. 2018).  

 

 

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. 

Wet snow areas 

In 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 1998-2008 period, 0.27 m in the LAWSA over the 2010-2017 

period and 0.17 m in the HAWSA over the 2010-2017 period. The ability of our empirical functions to fit the FAC10 

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

observations used to constrain the functions. Two functions could be constructed: one describing FAC10 in the LAWSA during 1998-

2008 (a) and another describing FAC10 in the LAWSA and HAWSA during 2010-2017 (b). 

FACtot 

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 FAC tot
 
value, 

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

(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. 

Spatio-temporal distribution of firn air content 

FAC10 mapping 

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

FAC10 and its uncertainty across the firn area of the ice sheet (Figure 5). From these maps we calculate an average FAC10 of 

5.2 1± 0.3 m in the DSA over the 1953-2017 period and of 3., an average FAC10 of 2.6 ± 0 ± 0.4.5 m in the HAPAHAWSA 

during the 2010-2017 period. Within the LAPA, we calculate and an average FAC10 of 3.94 ± 0.3 m in the LAWSA during 

the 1998-2008 period, which decreasesdecreased by 2335 % to 3.02.6  ± 0.3 m byin the 2010-2017 period. Spatially, theThe 

FAC10 loss in the LAPALAWSA is concentrated in a 60 km wide band above the firn line in western Greenland (Figure 

5b6). 
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Figure 5. a) FAC10 maps and location of the FAC10 measurements. b)b) Maps of the relative uncertainty of the FAC10 map. 
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Figure 6. Change in FAC10 between 1998-2008 and 2010-2017 in the LAPA. c) Maps of the relative uncertainty of the FAC10 

mapLAWSA. 

 

Spatially integrated FAC 

We find that during the 2010-2017 period, the entire firn area containedcontains 6 500 ± 450  km
3
 of air content withinin the 

top 10 m and potentially up to 26 800 ± 1 840850 km
3
 withinif the whole firn column is accounted for (Table 3). About 83 ± 

5% of this air content is contained in the DSA, which represents 74% of the firn area. The HAPA, coveringHAWSA, which 

covers 12% of the firn area, contains about 8 ± 1% of ice-sheet wide firn the firn’s air content, both forindependently of 

whether we consider the top 10 m and10m or at the wholeentire firn columnlayer. 

 

Table 3. Spatially integrated FACFAC10 and firn retention capacityFACtot over each ice sheet region. 

Area Period Spatially integrated FAC (km
3
) Firn storage capacity (Gt) 

Upper 10 

mFAC10 

FACtotTotal firn column Upper 10 m Total firn column 

DSA 1953 – 2017 5 400 ± 310 22 300 ± 1 280 4 200 ± 290 12 800 ± 1 170 

LAPA

LAW

SA 

1998 – 2008 

750 

± 

60 3 100 

± 

240250 550 

± 

50 1 490 

± 

220 
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LAPA

LAW

SA 

2010 – 2017 

58057

0 

± 

60 2 400 

± 

250 400 

± 

50 950 

± 

220 

HAPA

HAW

SA 

2010 – 2017 

530 

± 

80 2 200 

± 

320330 370 

± 

70 960 

± 

290 

All 2010 – 2017 6 500 ± 450 26 800 ± 1 840850 5 000 ± 410 14 700 ± 1 600 

 

The LAPA, which In the LAWSA, that comprises 14 % of the firn area, contained 9 ± 1% of ice-sheet wide firn air content 

in the period 2010-2017. Decreasingdecreasing FAC10 between 1998-2008 and 2010-2017 yieldslead to a loss of 170180 ± 

120 km
3
 (23 ± 16%) of air from the top 10 m of firn. The corresponding , equivalent to 24 ± 16% of the 1998-2008 spatially 

integrated FAC10. The subsequent decrease in FACtot indicatesindicate that potentiallythe whole firn column lost up to 700 ± 

490500 km
3
 of air may have been lost from the total firn column. In this we assume that the FAC10 decrease propagated to 

the entire firn column (see Section 2.5), which might not be accurate. Insufficient data are available to determine precisely 

how much FAC was lost below 10 m and we can only give a hypothetical upper bound to the FAC tot decrease. 

 

Recent studies have identified increasing surface melt and meltwater refreezing as major contributors to increasing 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). However, firn density and  

FAC are also dependentdependant on annual snowfall, with decreasing and a decrease in snowfall driving increasingcan 

drive an increase in firn density and decreasing FACconsequently a decrease in FAC10 (e.g. Vandecrux et al., 2018). 

Nevertheless, the lack of widely distributed observation of snow accumulation for the 1998-2017 period and the 

contradicting trends in precipitation calculatedoutput by the RCMs (Lucas-Picher et al., 2012; van den Broeke et al., 2016; 

Fettweis et al., 2017) complicate the partitioning ofmake it impossible to precisely partition the melt and snowfall 

contributions to changes in FACFAC10 at ice sheet scale. 

 

Effect of the  𝒃̅̇ and 𝑻𝒂
̅̅̅̅  data source FAC10 maps 

To investigate how uncertainties in 𝑇𝑎
̅̅ ̅ and 𝑐̇̅ 𝑏̅̇ impact our FAC10 maps, we repeat our procedure using the 1979-2014  𝑇𝑎

̅̅ ̅ and 

𝑐̇̅ 𝑏̅̇ estimated by Box (2013) and Box et al. (2013) (hereafter referred to as “Box13Box”). The Box13Box-derived FAC10 fits 

equally well (within measurements uncertainty, RMSD < 0.3 m) to the FAC10 observations, leading and lead to spatially 

integrated FAC values within uncertainty offrom the MAR-derived values.  (Table 3). 
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However, due to differing model formulations and atmospheric forcingsforcing, the spatial patterns of air temperature and 

snowfall are different between Box13Box and MARv3.59.2 (detailed in Fettweis et al. 2017), especially in the southern and 

eastern regions of the firn area. This, which leads to different estimations of FAC10 in these regions (Figure S4). 

Additionally, in these regions no firn observations are available to constrain our FAC10 estimates. More observations in the 

sparsely observed southern and eastern regions would therefore not only improve FAC10 estimates and help better, but also 

elucidate which 𝑇𝑎
̅̅ ̅ and 𝑐̇̅ 𝑏̅̇ source best describes the spatial pattern in FAC10. 

3.3.3.2. Firn retention capacity 

The Between 1998-2008 and 2010-2017, the decrease in FAC10 in the LAPA between 1998-2008 and 2010-2017 translates 

to LAWSA indicates a loss in meltwater retention capacity of 150 ± 100 Gt in the top 10 m of firn (Table 3). This is 

equivalent to a potential sea-level drawdown of, 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 totalentire firn column, we estimate an associated upper bound a loss of 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 (171 ± 157 Gt yr
-1

 for 1991–2015 in van den Broeke, 2016(~270 Gt/y), the impact of reduced retention capacity has an 

important time-integrated effect, in amplifying meltwater runoff each year. This amplification can be non-linear as when, for 

instance, , especially in a succession of anomalously high melt years and reduced firn permeability resulted in an abruptas 

was the case 2007-2012, resulting in a sharp increase in western Greenland runoff in 2012 (Machguth et al. 2016). 

 

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.  

Harper et al. (2012), using observations from 2007-2009, estimated that the firn located in a 150 000 km
2
 of firn residing 

within the lower percolation area (as delineated in an earlier version of MAR) could potentially store between 322 ± 44 Gt of 

meltwater in the top 10 m of firn and 1 289 −252
+388 Gt withinif considering the entire firn column. We note that the Harper et 

al. (2012) estimate is based solely on observations in the LAPA, while 68% of the percolation area to which they extrapolate 

is located in the HAPA. By contrast, we find that the warmest 150 000 km
2
 of our firn area in 2010-2017 can retain only 150 

Formatted: Outline numbered + Level:
2 + Numbering Style: 1, 2, 3, … + Start
at: 1 + Alignment: Left + Aligned at:  0
cm + Indent at:  0,76 cm

Formatted: Font: Bold



 

23 

1 

 

Formatted: Normal

Formatted: Font color: Black

Formatted: Normal, Border: Top: (No
border), Bottom: (No border), Left: (No
border), Right: (No border), Between :
(No border), Tab stops:  7,96 cm,
Centered +  15,92 cm, Right

± 6667 Gt of meltwater in the top 10 m of the firn. We estimateWhen considering the whole firn layer we find a total storage 

capacity of 310 ± 270 Gt within the whole firn column in this part of the firn area. Our relatively low estimate of the Gt 

associated with an uncertainty of 688 Gt. Our lower estimated retention capacity might reflectreflects the recent decrease of 

FAC in the LAPA but also, for the values derived from FACtot, our simplifying assumption that this decrease has propagated 

through the whole firn column (Section 2.5). Yet, beyond these integrated values, our approach allows to quantify 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 

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 corresponding uncertainty at any location of the firn area. Our product can 

therefore be used in combination with, for instance, remotely sensed melt extent to derive which areas of the firn actively 

retain meltwater and evaluate the retention capacity there. 

 

Weone of Harper et al. (2012) use the same infiltration ice density as Harper et al. (2012),, 843 ± 36 kg m
-3

 as determined 

from, which was measured in portions of firn core segmentscores saturated by refrozen meltwater. HoweverIn a later study 

also in western Greenland, Machguth et al. (2016) measured with similar technique an infiltration ice density of 873 ± 25 kg 

m
-3

 in western Greenland.. Using the latter 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 remainsremained within the uncertainty intervals of our 

uncertainty intervals first estimations (Table 34). Additional field measurements arewill be needed to ascertain the spatial 

and temporal dependence of infiltration ice density on, its variability and its potential climatic drivers. Our definition of 

retention capacity assumes that retention occurs through the refreezing of meltwater and neglects potential liquid water 

retention seen in firn aquifersaquifer (Forster et al. 2014). Nevertheless, recent work in southeastSoutheast 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). Meltwater On the contrary, the water refrozen within the firn can beis potentially retained 

for much longer periods,centuries until it is discharged atthrough a marine- terminating outlet glacier or reaches the surface 

ofin the ablation area., melts and finally runs off the ice sheet. By neglecting liquid water retention in firn, our study, in line 

with Harper et al. (2012), focuses on long-term meltwater retention.  
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3.4.3.3. Regional Climate Model evaluationperformance 

3.4.1.3.3.1. Comparison with the FAC observationsdataset 
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Figure 67. Comparison between the observed observation-derived FAC10 and FACtot and the simulated FAC in the corresponding 

cellscell of three RCMs. 

All models reproduce the FAC10 observations in the DSA and HAPAHAWSA with bias  ≤ 0.2 m and, RMSD ≤ 0.46 m 

(Figure 6, Table 5).. Nevertheless, RACMO2.3p2, MARv3.9.2, and HH_LIN tend to underestimate the FAC10 in the 

LAPA,LAWSA while HH_MOD doesdid not show a pronouncedany bias therein that area. The RCMs all present a greater 

biases and RMSD less than 12%regarding FACtot reflect both the performance of the mean FAC10 for our entire dataset.  The 

RCMs are RCM but also evaluated against the 29 directly observed FACtot (Figure 6, Table 5).  Both versions of HIRHAM5 

overestimatethe greater uncertainty applying on our observation-derived FACtot in the DSA (bias > 3 m), while 

RACMO2.3p2 performs better in that area (bias = 0.1, RMSD = 1.8). HH_LIN . Overall we find that HH_MOD is the best 

candidate to simulate FAC10 and RACMO2.3p2 compare relatively well with the threeto simulate FACtot observations 
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available in the LAPA, while HH_MOD presents a larger positive bias. These three FAC tot observations are located in the 

upper LAPA and therefore not including regions where RCMs underestimate FAC10. All models overestimate the only 

FACtot observation available in the HAPA by more than 3 m. Compared to all FAC tot measurements, RACMO2.3p2 gives a 

RMSD equivalent to 9% of the mean observed . Nonetheless, it appears that none of the RCMs can simultaneouslyFACtot 

when HIRHAM5’s RMSD reaches 20% with HH_MOD.  None of the RCMs therefore 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 in terms of bias (.. Bias is the average difference between model and 

observations) and observation. RMSD stands for Root Mean Squared Difference (RMSD).Error. Intercept and slopes are 

calculated from the linear fit between simulated and observed FAC (red line in Figure 7) 

 
 DSA 

LAPALA

WSA 

HAPAHA

WSA 

All firn 

areaGrIS 

 

RCM 
Bias

 

(m) 

RMSD 

(m) 

Bia

s 

(m) 

RM

SD 

(m) 

Bia

s 

(m) 

RM

SD 

(m) 

Bia

s 

(m) 

RM

SD  

(m) 

Inte

rcep

t 

(m) 

Slop

e 

(-) 

FA

C10 

Nobs 
259 82 19 360 

HH_LI

N 
-0.01 0.4 

-

0.5

3 

0.8

7 0.1 0.6 

-

0.2 0.6 
1.5 0.7 

HH_MO

D -0.01 0.4 0.1 0.4 0.2 0.6 0.0 0.4 
0.4 0.9 

RACM

O2.3p2 
0.1 0.3 

-

0.3

2 0.6 0.0 0.5 0.0 0.5 
1.1 0.8 

MARv3.

9.2 

0.2 0.3 

-

0.6

3 

1.0

.9 0.2 
0.5 0.0 

0.6 

0.

0

1.

8 0.6 

FA

Ctot 

Nobs 25 3 1 29 

HH_LI

N 

3.76.4 47.1 

1.0

2.7 

35.

3 
5.6 8.3 4.9 

6.

4

6 

-

8.6 

3

0

.

4 4.1 

HH_MO

D 
6.5 7.2 

5.3

.8 

4.1

6.2 

3.7

.0 
8.9 

46.

1 

7.1

0 

-

5.6 

3.

9

0.

5 4.3 

Formatted: Font color: Auto

Formatted: Space After:  10 pt, Line
spacing:  single, Border: Top: (No
border), Bottom: (No border), Left: (No
border), Right: (No border), Between :
(No border)

Formatted: Font: 9 pt, Bold, Font
color: Black

Formatted: Normal, Space After:  10
pt, Border: Top: (No border), Bottom:
(No border), Left: (No border), Right:
(No border), Between : (No border)

Formatted: Font: 9 pt, Bold, Font
color: Black

Formatted: Font: 9 pt, Bold, Font
color: Black

Formatted: Font color: Black

Formatted Table

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single

Formatted: Right, Indent: Left:  0,18
cm, Line spacing:  single



 

27 

1 

 

Formatted: Normal

Formatted: Font color: Black

Formatted: Normal, Border: Top: (No
border), Bottom: (No border), Left: (No
border), Right: (No border), Between :
(No border), Tab stops:  7,96 cm,
Centered +  15,92 cm, Right

RACM

O2.3p2 

-0.14 1.83.3 
-0.3 

3.

1.

0 12.6 
6.2 -0.1 

3.

3

6 - 

0

9

.

4 

1.9

0.5 

 
  

3.4.2.3.3.2. Comparison with the spatially integrated FAC 

Agreement between RCM-simulated and observation-derived spatially integrated FAC is model- and region-dependent 

(Figure 7). RCMs simulate a spatially integrated FAC10 within the uncertainty of our observation-derived estimation in the 

DSA. Models also show lower spatially integrated FAC10 in the LAPA and higher values in the HAPA compared to our 

estimate (Figure 7b-d). These regional differences cancel out when spatially integrating FAC10 over the entire firn area 

(Figure 7a). Our estimation of spatially integrated FACtot is subject to more assumptions as uncertainty is introduced in our 

conversion of FAC10 to 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.  

 

FACtot (Section 2.5). In the DSA, HH_MOD simulates a spatially integrated FAC tot 20% higher than our estimation while 

RACMO2.3p2 simulates spatially integrated FAC tot within our uncertainty range (Figure 7e). In the LAPA, the decrease in 

spatially integrated FACtot is more pronounced in our estimate than in the RCMs. This might indicate that, in the RCMs, the 

FAC loss is concentrated in the near-surface firn and has not yet propagated through the entire firn column. Our estimate 

assumes that any change in FAC10 immediately propagates to the entire firn pack (see Section 2.5). In the HAPA, RCMs 

show higher spatially integrated FACtot values than our estimate (Figure 7h), contributing to the higher spatially integrated 

FACtot across the entire firn area in the RCMs compared to our estimation (Figure 7e). This is partly due to the fact that in 

our estimation, FAC decrease with elevation and is set to zero at the firn line. In the RMCs, modelled FAC remains higher 

than our estimate in the lower HAPA and in the vicinity of the firn line. No FAC observations are available in the lower 

HAPA to confirm this. Future measurements will help to quantify FAC in the surrounding of the firn line, allowing to better 

evaluate our assumptions and further assess the RCMs’ performance in that area. 
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Figure 7. Spatially integrated FAC in the RCMs and from observation-derived estimates. 

The differences between RCM outputs may stem from their respective surface forcings. As an illustration, HH_MOD uses a 

higher albedo than HH_LIN, thus and therefore calculates less surface melt and refreezing and, as a consequence, higher 

FAC10 in the LAPA. Noël et al. (2018) found that 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 in the accumulation area 

was on average slightly lower than observations,(Noël et al. 2018), indicating excessive sublimation or runoffmelt relative to 

snowfall in the model. This surface bias , could also explain the model’s underestimation of FAC10 in the LAPA at point 

scale (Figure 6, Table 5) and on spatially integrated values (Figure 7). On the other hand, LAWSA. Counterintuitively, 

HH_MOD, HH_LIN and MARv3.9 has slight positive biases in surface mass balance compared to observations (Fettweis et 

al. 2017). And although the RCM simulates .2 have in common a slight positive bias SMB (too much precipitation relative to 

melt, it) but also underestimatesunderestimate FAC10 in the LAPA. Surface forcing is therefore not the only factor 

influencing the FAC estimates by the RCMsLAWSA. 
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Differences in RCM-simulated FAC10 can also be explained by theThe way firn densification is treated in the snow model of 

each RCM. For instance, the overestimation of FACtot in the DSA by models can also explain differences in simulated 

FAC10: HIRHAM5 potentially arises fromand MARv3.9.2 uses the use of a firn same snow compaction law originally 

developed for seasonal snow scheme (Vionnet et al.,. 2012). RACMO2.3p2) 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, most likelypotentially because the densification law 

it uses has been tuned to matchso 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 deep firn density observations (Kuipers Munneke et al., 2015a). It is nevertheless difficult to disentangle the roles of 

surface forcing and model formulation in the performance of RCMs . Temporal evolution of the FAC in the RCMs compared to 

the observation-derived FAC10 maps. 
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In agreement with our observation-derived 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 estimates, the RCMs calculate a decreases linearly with increasing 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 LAPA (Figure 

7c) initiatingLAWSA as observed (Figure 8b). The RCMs indicate that this loss of air content was initiated in the early 

2000s and accelerated during the extreme summers of in 2010 and 2012. In the DSA, RCMs show a FAC10 decrease ranging 

from -120 km
3
 in MARv3.9 to -282 km

3
 in RACMO2.3p2 between 1998 and 2017. These decreases contradict with our 

conclusion that FAC has not changed significantlyAll RCMs show a decreasing FAC10 in the DSA over that period (the last 

two decades which contradicts with our observations (Section 3.1). The different FAC10 dynamics in our dataset and in 

RCMs.1, Figure 2). This decreasing FAC10 could be due to: i) the RCMs not capturingRCM missing for example an increase 

of snowfall in the DSA which could in theory counterbalance the densification expected fromwould compensate the recent 

warming seen in the firn area (McGrath et al., 2014); ii) an overestimated response; Graeter et al., 2018). Another possibility 

would be that the models overestimate the sensitivity of firn compaction ratesrate to increasing temperatures in the models; 

iii) the spatial heterogeneity and uncertainty of FAC observations leading to spurious conclusions from our dataset. Yet, 

finding identical firn density profiles decades apart at several sites (e.g. Summit, Camp Century) adds confidence to our 

findings. 

4. Conclusions 

Using aA collection of 360 firn density profiles spanning 65 years we quantifiedallow 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 𝑐̇̅). 

For 𝑏̅̇). During the 2010-2017 period, we calculate that the Greenland firn layer contained 26 800 ± 1 840 km
3
 of air, of 

which 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 the dry snow areaDry Snow Area (DSA, 

where 𝑇𝑎
̅̅ ̅ ≤ -19°C). We note that the vast majority of the ice sheet’s FAC (83 ± 5 %) resides within the DSA, and represents 

a potential meltwater storage volume of 12 800 ± 1 170 Gt.≤ -19
o
C). In the low accumulation percolation area (LAPALow 

Accumulation Wet Snow Area (LAWSA, where  𝑇𝑎
̅̅ ̅ > -19°C19

o
C and 𝑐̇̅ 𝑏̅̇ ≤ 600 mm w.eq. yr-1), we calculate that the FAC 

decreased by 23 ± 24 ±16 % between 1998-2008 and 2010-2017. This decreasedecreased FAC10 translates into the loss of 
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meltwater retention capacity of 150 ± 100 Gt (0.4 ± 0.3 mm sea level equivalent) in the top 10 m10m of the firn and 

potentially up to 540 ± 450 Gt (1.5 ± 1.2 mm sea level equivalent) in the entire vertical extent of the firn layer. This 

decreased FAC and meltwater retention capacity is focused in the lower accumulation area of central western Greenland. 

Thus, in contrast to the relative stability of the DSA, the LAPA is the focal area of the firn’s response to recent climate 

change.firn layer. The firn in the high accumulation percolation area  (LAPA, where  𝑇𝑎
̅̅ ̅ > -19°C and 𝑐̇ ̅ > 600 mm w.eq. yr-1) 

has the capacity to store 370 ± 70 Gt in its top 10 m and up to 960 ± 290 Gt in its entire vertical extent. Yet, this area is  

covered by fewer observations and would highly benefit from future field surveys. 

The outputsoutput from three regional climate models (HIRHAM5, RACMO2.3p2 and MARv3MAR3.9.5) indicate that our 

calculated decrease in FAC may have been initiated in the early 2000’s and accelerated afterin 2010. The RCMs also provide 

estimates of FAC in regions where no measurements are available. and 2012. But the mismatch between RCMs and our firn 

core dataset illustratesreminds that RCMs should be used with caution when assessing meltwaterused to calculate the firn 

retention capacity, or when converting the ice sheetsheet’s volume changes into mass changes in the firn area.. Finally, our 

study highlights the importance of assimilating in situ firn density measurements to document the climate responseevolution 

of the Greenland ice- sheet firn as a non-trivial component of the and to improve models and sea- level budget. More 

broadly, this work illustratesprojections. We also illustrate how new insightknowledge can be gleanedgained from the 

synthesis of historicalmultiple data sources, and thus emphasizes the tremendous value of open-access data within and 

encourage the scientific community. to 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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