Dear Editor,

We now revised the paper according to the reviewer’s comments, which were
very useful to improve the quality of the paper. In this revision, we included new 8Ar/Ns
data from Dome Fuji ice core and air content data from GISP2 ice core, which supported
our conclusions. We believe that now the conclusions are strongly argued, and the
uncertainty in the arguments are more clearly stated. Therefore, we think it is ready for
the final publication in ACP. In the following, we write our replies to reviewer’s

comments after triangles.

P.s., H. Motoyama at National Institute of Polar Research joined as a coauthor.

Best regards,

Takuro Kobashi, corresponding author

Anonymous Referee #1

In this paper, Kobashi et al. tackle the difficult question: What controls the Ar/N2 and
02/N2 ratios in ice cores? Ar/N2 is a particularly useful tool for investigation because
the ratio is essentially constant in the atmosphere (on the relevant timescales and with
attainable precision). The authors take two approaches: Using Holocene data from
GISP2 and GRIP, they look for correlations between variations in Ar/N2 and
temperature and/or accumulation rate. They also develop a model of size-dependent
permeation that they apply to a) post-coring gas evasion and b) gas losses during bubble
formation and air enclosure. Overall, I find this work is interesting, important,
thoughtfully conceived and carefully executed. I have few suggestions or comments on
the scientific content of the manuscript and none are major. However, primarily because
the authors are not writing in their native languages, there is a definite need for
correction and clarification in the writing. I have been extremely detailed in my
comments below because these apparently minor grammatical errors and ambiguities

made it much harder for me to absorb the substance of the work upon first reading.

» Thank you very much for your comments.




First, my more substantive questions/comments:

Overall: When considering post-coring artifacts, you should acknowledge the possibility
that, not only does there appear to be gas leaking out of recently closed pores, but there
is also the possibility of open bubbles closing off and trapping ambient air. Compelling
evidence of this was seen by Aydin et al (Atmos. Chem. Phys., 10, 51355144,

2010). Have you considered this in your analysis?

» We considered the inclusion of present air after the coring for the discussion of
Figure 6. 815N provide a good mean to test if the bubbles are contaminated by

modern air. We included the reference in the discussion of modern air contamination.

P15714 Lines 25-26: When you say “between the bubbles and the atmosphere”, you're
limiting yourself to either post-coring losses or permeation between very recently closed
bubbles and the open porosity. However, you suggest the same process is responsible for

smoothing records deep in ice cores. Please clarify.

» The words for “between the bubbles and the atmosphere” is aimed for the gas loss
process, and “the same process” indicate “gas diffusion through ice crystals”. We

clarified it “in the text”.

P15716 Line 13 (and later in the manuscript): This phrase “a firn densification-heat
diffusion model” doesn’t really describe these models correctly. They are primarily
models of gas transport, influenced by firn densification and thermal gradients (due to

heat diffusing through the system).

» We added a few words describing the model in more detail.

Line 20: How did you arrive at the number 21? You should explain where it comes from.

> We added a reference (Kobashi et al., 2015), in which we discussed gas smoothing in

the firn and 21 running means.

P15718 First paragraph: It seems to me that you're claiming that Ar/N2 rises in the
brittle ice zone because N2 is reluctant to go into clathrates so it escapes and Ar is left
behind. Fair enough. But to where does the N2 escape? Presumably this is an example

of post-coring loss so the N2 just enters the atmosphere at large. Also, if this picture is



correct, shouldn’t the problem persist at all depths below the onset of clathrates? Or is it

only the fractures that allow the N2 to escape? Please clarify!

» Yes. Indeed, nitrogen should have escaped to the atmosphere more than argon in
these depths after coring. This is a special phenomenon for the brittle zone, as in
deeper depths clathrate are more stable owing to higher pressures.

» If both nitrogen and argon exist as clathrates, then argon leaks out more than
nitrogen as argon with smaller molecular size has a higher permeation coefficient
than nitrogen.

» According to the permeation theory, nitrogen and argon leak out from ice cores
through the ice crystal from any depths (.e., as long as pressure or concentration

gradients persist).

P15724 Line 10: Is the diffusion coefficient for Argon from experiment? If so, cite the
source. If not, change the sentence so it clearly states that the Argon value comes from

the dynamics simulation too.

» The argon permeation coefficient is derived from the molecular dynamic simulation
(Ikeda-Fukazawa et al., 2004) as now clearly stated in the text. In the revised
manuscript, we also derive argon permeation from nitrogen and oxygen permeation

coefficients.

P15727 Line 1 The value of 0.3756MPa seems arbitrary. How did you choose this value?

» Now we set the value to the depth where the bubbles start forming in the model.
The results are similar but it is more reasonable closely linked with density changes.

The choice is supported by the observation by Lipenkov (2000).

Line 6 You say earlier that Vostok only has 0.3% of the air in microbubbles, yet you are

exploring the range 1% -3%. Why? You should explain this choice.

» Now we included a simulation with 0.3 % contribution of microbubbles. A positive
correlation between air content and dAr/N2 indicates that the pressure sensitive
process including micro-bubbles is probably not limited on microbubbles. Therefore,

we explored larger air content’s involvements. Texts are changed accordingly.



Figure 9 is essentially incomprehensible. It is too small to read without 300%
enlargement, but more importantly, the content is inadequately explained. For example,
despite the statement on line 19, it’s not at all clear that Fig. 9a is showing us that 99%

of the air is trapped as normal bubbles near the lock-in zone.

> Each line in the panel (a) of Figure 9 shows how volumes generated in each annual
layer has changed with time. If you integrate the volumes of the bubbles for each
depth, you will get the red line (air content) in panel (e).

»  ~99% was a bit confusing as Fig. 9 is only for normal bubbles only. In this case, 100%
of the normal bubbles are trapped at the bubble close-off depth. Now the reference
to Fig. 9a in p12727, line 9 is deleted.

» Caption of Fig 9 is now improved to explain better.

Is this statement based on output from the model (somehow derived from the multitude

of curves shown in Fig 9a)?

» The ~99% is not a result of the model output, but it is a setting of the model.

Or does Fig. 9a show (somehow) that the model successfully reproduces a set of

independent observations?

» The objective of the Fig. 9 is to show how the model for normal bubbles is derived in
Fig. 10.

The other panels are similarly cryptic: Which are the 3 bottom layers in 9b and 9c and
why don’t they show the same shape as the three bottom layers in 9a?

» The volume change in an annual layer is induced by density change. On the other
hand, panel (b), (c) are the moles of gases that are nearly flat over the depth because
permeation is so little compared to the volume. Panel (d) shows the argon-nitrogen
ratio from the values in the panel (b), (c), which clearly shows argon is more depleted

owing to higher permeation.

Why does dAr/N2 in 9e look so different from every layer in 9d?
I'm sure this is a useful and potentially informative figure, but in its present form, it’s

merely confusing.



» dAr/N2 in 9e is integrated values calculated from moles of nitrogen and argon for
each depth in the panel b, c.

» The bubbles formed in shallow depth experience a long-term permeation. So, it get
depleted in a large magnitude. The bubbles formed deeper depth has a limited time
for permeation so limited depletion. However, the bubbles trapped in deeper depth
have much larger air contents than that of shallower ones. Therefore, the 8Ar/Nz of
the total air contents are different from 3Ar/N2 of individual ones.

P15728 Lines 9-11: I can’t really assess the statement beginning “The difference: : :”

because I can’t fully understand Fig. 9. However, the idea microbubbles would not be

subject to the same compression and volume change that normal bubbles experience
certainly begs for a sentence or two of explanation. Perhaps you mentioned this earlier

in the paper and I missed it.

» We added a sentence “leading to smaller pressure build-up and total permeation
from the bubbles” to clarify the difference between the microbubble and normal

bubbles permeation processes.

P15729 This paragraph lays out an important result from this work. According to the
model presented here, the behavior of Ar/N2 in microbubbles under cold conditions is the
same as was anticipated by Severinghaus and Battle (2006). That is to say, longer bubble
residence time in the firn leads to greater permeation and fractionation. On the other hand, the
normal bubbles don’t show much of any effect. Furthermore, higher accumulation rate leads to
the more fractionation in the microbubbles (presumably again due to the longer residence time),
but to less fractionation in the normal bubbles. Why is this? The fact that the model reproduces
the results of the multiple linear regression doesn’t do much good unless we can learn from the

model which processes are causing this counterintuitive behavior.

» The depletion in dAr/N2 in microbubbles is opposite of what Severninghaus and Battle
(2006) prescribed. Rather, depletion in normal bubbles are more consistent with their study.
The effects of temperatures on the normal bubble in the model is interesting. Colder
temperatures induce thicker firn, longer time for bubbles (more depletion) in the firn,
increased bubble air pressures (more depletion), but also smaller permeation coefficients,
which cancel each other.



» However, the magnitude of depletion is rather small in the normal bubbles in different
environment. The different magnitudes of depletions are induced by the pressure sensitive
process (e.g., microbubbles).

Figure 8c: Do you really mean to plot air content change? | would think you’re actually plotting
the percentage of original air remaining, but I’m not certain. As it stands I can’t make sense of a
99% air content change that then falls with depth.

» This is actually air content change of “microbubbles”. As the pressure is so high, and the
volume is small for microbubbles, the permeation plays a rather big role on gas loss. But
total air content change should be much smaller.

Second, a long list of grammatical corrections/clarifications.
P15713 Line 8: change to “we find”

> Done.

Line 10-11 should read “: : :the precise records spanning the last 4000 years show temperature
and accumulation rate have nearly equal effects: : :”

» Done.

Line 14: put the quotes around “microbubbles” only (not the parenthetical statement).

» Done.

Lines 16-17 should read “: : :the accumulation rate due to changes in overloading pressure, as
seen in the observations. Colder (warmer) temperatures in the firn induce more (less) depletion
in:::”

» Done.

Lines 25 and following: The studies cited are not really firn studies. Instead, they are about

much longer ice-core histories. My guess is that you really are trying to say is “: : :trapped in the
firn layer (unconsolidated snow; 70m at the Greenland Summit) and preserved in the



underlying ice sheets provide precious: : :”

> Yes. It is corrected.

P15714 Line 10 should read “we investigate a third process”

> Corrected.

Line 16 should read “the process continues during/after coring”

> Corrected.

Line 20 remove the word “rapid”

> Corrected.

Lines 21-22 should read “Depletion of the total air content by::”

» We intentionally do not use “total” air content in this context as “air content” is a sufficient

word for this purpose.
Line 25 should read “and is induced”
» The sentence is revised.
Line 5: Should read “Variations in dO2/N2 on orbital timescales closely follow: : :”
» The sentence is revised.
Lines 5-16: This section is a bit confusing in its order. In the previous paragraph (on p15714),
you should explicitly state the situations in which this single process operates: As bubbles close
at the firn-ice transition, deep within the ice sheet, after coring.

Then address these in the same order on p15715.

» To clearly show the story changes in the paragraph, we inserted “In a longer time scale (i.e,

orbital)” at the beginning of the paragraph.



Lines 17-19 should read “: : :using records from GISP2 for the entire Holocene and NGRIP for
the past 2100 years, we investigate the multi-decadal to centennial variability of Ar/N2, as well
as gas loss processes during storage.”

» Corrected.

Line 22: should read “over the relevant period”

» Corrected.

Line 25: remove the comma after “data”

» Corrected.

Line 29: should read “drawing conclusions”

> Corrected.

P15716

Line 2: should read “measured in the”

> Corrected.

Line 10: should read “obtain high analytic precision (Kobashi: : :”

> Corrected.

Line 14: “uncertainties” in what are _10%? Gas ages? Or the gas-age/ice-age difference? Please

clarify.

» Itis the gas-age/ice-age difference, and now it is clarified.

Line 15 -20 should read “To investigate the Ar/N2 fractionation, we used: : : : : :GKkinis et al.,
2014). The annual resolution: : :: : :with 21-year running means: : :”



> Corrected.

Line 22-23: Should read “We also used new dAr/N2 data for the past 2100 years from the
NGRIP ice core, providing agood : : :”

> Corrected.

P15717

Line 10 should read “The coefficient 11 arises because the: : :”

> Corrected.

Lines 13-14 should read “: : :temperature sentivities of d15N and dAr/N2 are slightly: : :”

> Corrected.

Line 16 Remove the whole sentence beginning “Therefore, these corrections: : :”

> Corrected.

Line 17-18 should read “attributed only to gas loss.

> Corrected.

Line 18-20: The sentence beginning “It is also noted: : :” is very unclear to me. You appear to

say above that GISP2 only had data with mass 29.

» Of course, we had GISP2 data with mass 28 and 29. This is simply because of the
laboratory difference of calculation of 3Ar/N, using mass 28 or 29 As stated in the text,

either methods of calculating dAr/N2 makes little difference within analytical uncertainties.

Last paragraph: Where does the number “21” come from? It appears to be a completely

arbitrary choice, but I imagine it’s not.

> Itis to be consistent with 21-year running means, which produces smoothing similar to gas

diffusion in the firn column.



P15718 Line 8 should read “: : :preferential leakage of nitrogen, and thus argon: : :”

> Corrected.

Line 19 should read *“: : :variations. We found a significant: : :”

> Corrected.

Lines 20-21 should read “: : :accumulation rate for the past 6000 years, a time interval in which
the abnormal dAr/N2: : :”

> Corrected.

C4981P15719 Line 2 should read “: : :variations because precise: : :”

> Corrected.

Line 9: Shouldn’t the last r value (0.26) actually be negative?

> Yes! Corrected.

Line 10 should read “with a 38-year lag”

> Corrected.

Line 11: should read “We note that the surface: : :”

> Corrected.

Line 12 should read “rate have a negative: : :”

> Corrected.

Line 1: It would be very nice to see a figure of the centennial variations in model and data. Also,
how are centennial variations determined? Is it a 100-year running mean or a spline or some
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other technique?

»  We tried to put the line in the figure, but it was too crowded. Therefore we did not add the
line.

Lines 8-9 should read “do not have Ar-isotope based temperature information before 4000 year
BP. «

> Corrected.

Line 10 should read “: : :contains substantial noise”

> Corrected.

Line 21 Remove the comma after “rate”

> Corrected.

Line 22 should read “with the d180 ice-based temperature proxy and: : :

> Corrected.

Lines 24-25 should read “: : :discussed earlier. Except for the time interval around _7000 BP,

the model and observed dAr/N2 exhibit rather constant: : :”

> Corrected.

Line 13 should read ““: : :better precision on dAr/N2 than the one used for
GISP2”

> Corrected.

Line 19 should read ““: : :detrending) and were uncorrelated in the shallower part.”

> Corrected.
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Line 22 should read “dAr/N2 data from the depth range 64.6-80m exhibit some: : :”

> Corrected.

Line 1 should read “: : :of contamination, and”

> Corrected.

Line 3 should read “uncertainties using ice samples” and ““: : :we interpret the”

> Corrected.

Line 4: In what sense do things “decrease”? Wth greater depth? As you approach the surface?

As written, it’s not clear.

» Inserted “toward shallower depths”.

Line 5 should read “Fig 6). Based on isotope mass balance: : :”

> Corrected.

Line 7 should read “a clue to the processes”

> Corrected.

Lines 9-10 should read “and application to post-coring fractionation.”

> Corrected.

Line 11 should read “after coring”

> Corrected.

Line 13 should read “depletions of”
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> Corrected.

Line 18 (and subsequent occurrences) should have “species m” instead of “m molecule”.

> Corrected.

Line25 ibid.

> Corrected.

Line 2 should read “are mole fractions of species m”

> Corrected.

Line 8 should read “during storage”

> Corrected.

Line 9 should read “14 years after coring, but with different temperature histories. GISP2: : :”

> Corrected.

Line 10 should read “After shipment,”

> Corrected.

Line 13 should read “2015). The ice samples were then cut: : :”

> Corrected.

Line 24 Remove the comma before “and”. Also, latter part should read *“: : :to 1MPa; a normal
bubble: :

> Corrected.

P15724 Line 4 should read “storage often have”
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> Corrected.

Line 6 should read “surface areas imply the”

> Corrected.

Line 27 should read “respectively. We note that”

> Corrected.

P15725 Line 1 should read “that our estimated”

> Corrected.

Line 2 should read “several times larger than”

> Corrected.

Line 3 should read “introduced noise into”

> Corrected.

Line 9 should read “introduce more noise if the gas loss is greater”

> Corrected.

Lines 11-12 should read “2000): normal bubbles and so-called microbubbles”

> Corrected.

Line 16 should read “depth. Most of the air in cores is captured as normal bubbles”

> Corrected.

Line 6 should read “to the total air content”
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> Corrected.

Line 8 should read “can approach ice load pressure at the bubble closeoft”

> Corrected.

Line 20 remove the word “concerned”

> Corrected.

Lines 21-22 should read “With 1 increasing in one-year steps, the microbubbles”

> Corrected.

Line 23 remove the words “a concerned”

> Corrected.

Line 25 should read “starts increasing”

> Corrected.

Line 16 should read “which corresponds to 5%”

> Corrected.

Line 27 should read “how much bubble volume is generated”

> Corrected.

Line 4 should read “newly trapped air”

> Corrected.

Line 20 should read “we assume the gas”
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> Corrected.

Line 23 should read “O2/N2) within the bubbles decreases with”

> Corrected.

Lines 24-25 should read “However, the amount of air contained in these bubbles is so small that

the influence on the total”

» Corrected.

Fig. 10: Change the color scheme so that cold temperatures are blue and warmer temperatures
are red. In the paragraph beginning “The permeation: : :” please removal all of the parenthetical
terms in the more/less, higher/lower, warmer/colder pairings. They’re just distracting, and the
converse of each term is clear.

» Corrected.

Line 12 should read “may indicate even larger”

> Corrected.

Line 25 should read “GISP2. We found that”

> Corrected.

Line 28 should read “with an 11-year lag”

> Corrected.

Line 3 remove the word “time”

> Corrected.
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Line 18 should read “2002). Our work demonstrates that the”

> Corrected.

Line 5 should read ““there is some evidence of”

> Corrected.

Line 7 should read “2011). In particular, poor quality”

> Corrected.

Lines 12-13 should read “appear to have small or non-existent effects on isotopes (Kobashi”

> Corrected.

Line 19 should read “Another sign of isotope fractionation”

> Corrected.

Line 20 should read “enrichment in ice cores”

> Corrected.

Line 22 should read “caused by processes”

> Corrected.

Line 23 should read “evidence has been found in firn air studies”

> Corrected.

Line 25 should read “it should be correlated with”

> Corrected.
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Lines 27-28 should read “2015), dKr/Ar (Severinghaus et al., 2003), or a constant value (Orsi,
2013; Kobashi et al., 2015). All these methods of correction generate”

> Corrected.

Line 9 should read “stronger constraints”

> Corrected.

Line 11 should read “that ice core”

> Corrected.

Line 15 should read “use of large ice samples”

> Corrected.

Line 16 should read “the noise in”

> Corrected.

Line 21 should read “of permeation”

> Corrected.

Line 26 should read “after bubble closeoff”

> Corrected.

Line 27 should read “especially in ice cores. In this study, we investigated gas”

> Corrected.

Line 25 should read “surface temperature. It is also”

> Corrected.
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Figure 2 caption: Was the spline really set to a 31 year cut-off period, or a 21 year? Similarly for
the length of the RMs.

» We confirmed that it is 21-year RMs and 21-year cut-off period. It is corrected.

Figure 11 caption: The 4th line should read “Settings for”

> Corrected.

Anonymous Referee #2
Received and published: 21 July 2015
General comments :

The loss of small air molecule in ice cores is still a poorly known phenomenon. Ice core air
samples have low dAr/N2 and d02/N2 due to the preferential loss of Ar and O2. This loss
happens in the firn, in solid ice and during core storage. The principal mechanism is the
permeation of small molecules through the ice lattice (Ikeda Fukasawa et al 2005), and this
mechanism has been used to quantify gas loss at different temperatures, and to explain the
enrichment in dAr/N2 and d02/N2 in steady state.

Here, the authors go one step further and try to identify a link between the amount of Ar loss
and climate, such that dAr/N2 could be used as a climate (temperature and accumulation) proxy,
rather than an indicator of the quality of the core storage. This subject is particularly interesting
because of the observed correlation between d02/N2 and insolation, which is so far unexplained.
The authors observe that there is a significant correlation between dAr/N2 and temperature and
accumulation, and explore the potential mechanisms for such a relationship.

They build on existing ideas about permeation through the ice, and find that 1) microbubbles
likely play an important role, and 2) firn thickness (controlled by temperature and accumulation)
impacts the bubble pressure, and will lead to different amounts of post-coring fractionation.
Although the motivation of the study is well justified, and the methods used appropriate, the
logical links between the observations and models, and between different mechanistic
hypotheses are not well articulated, and the conclusions are not well supported by the data and
models presented here. | offer here a few suggestions to rewrite the paper in order to better
highlight the actual conclusions, and make a stronger relationship between hypotheses, models,
and observations.
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»  Thank you very much for your comments.

1. Are the dAR/NZ2 time series the best tool to test your hypotheses?

It is interesting that you find a correlation between dAr/N2 and temperature or accumulation,
but this relationship is not consistent between the two cores, and even the raw data has little
common variability, which leaves me to wonder whether the correlations you find are actually
significant. I realize that it’s a difficult exercise to make, because the input time series of
temperature and accumulation are not well known themselves, but the lack of consistency
between GISP2 and NGRIP is a red flag for me, especially because they are consistent in terms
of d15N and d40Ar. | would suggest that you would instead use the known and measured
dAr/N2 (or d02/N2) from shallow ice cores all over Greenland and Antarctica, where we have a
good constraint on present day temperature and accumulation. This would allow you to explore
a larger parameter space in terms of T and acc, and perhaps find a stronger relationship between
climate and gas loss (dAr/N2 grav corr).

» The relationships of GISP2 between dAr/N2 vs. the regression model (temperature and
accumulation rate) are highly significant by itself. That is, it is extremely unlikely
happened by chance (p < 0.001).

»  We found that the signal to nose ratio is much lower (one fifth) in NGRIP than that of
GISP2, which provides a reason why did not see the relation in NGRIP.

» Published dAr/N2 data with storage histories are very limited. However, now we included
Dome Fuji dAr/N2 data with storage history.

2. Uncertainties in the permeation model

In Section 5, the authors use the permeation model of Ikeda-Fukasawa et al. (2005) to estimate
gas loss. There are a number of unknown parameters in equation (3).

The authors make an honest attempt at finding reasonable values for them, but do not give
uncertainty estimates in the parameters. A propagation of uncertainty would be necessary for us

to understand what can conclusions can be drawn from this model.

»  We now included two estimates of permeation coefficients, and included uncertainties if
possible. We would like to note that the current study is a conceptual model to explain the
variability of dAr/N2. We believe that we produced an important scientific advance on the
variability of dAr/N2 in ice cores with the model. Future studies will take into account
various uncertainties with more data.
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- You do not comment on what you use for _I, the thickness of the ice layer, which is an
essential parameter.

»  We used the estimates of | from Ikeda-Fukazawa et al. (2005). It is now stated in the text.

- You use constant values for D and X, but it is very likely that they strongly depend on
temperature, otherwise we would not witness that there is less gas loss at -50_C than at -10_C.
You may not know what it should be (I don’t know either), but it would be useful to include a
range of possible permeabilities that would fit the data. The conclusion of Section 5 is that the
model doesn’t match the data, but perhaps, you could instead use the data to constrain the
permeability used in the model, and see if you can learn something. (Here again, | would use
data for many core sites, to have better constraints)

» We use variable D and X with temperatures for argon (Fig 2).
» Now, we used a different approach to find the post-coring fractionation, and we found a
solution, which fit with the observation.

- You use for your S/V the geometric shape of the core, rather than the distance from one bubble
to the next. This is very surprising. What’s the reason for this ? T would have imagined that what
matters for gas loss is how much the bubbles near the edges of the core can loose their gas, not
have a model where all the air is in the middle, and has to go through solid ice of 9.8cm
diameter.

»  First, this is an established method for the gas loss from ice cores (lkeda-Fukazawa et al.,
2005), which found to be consistent with the observations (Suwa and Bender, 2008a,
Bereiter et al., 2009).

»  This is also consistent with the observations that near surface of ice is not preferentially
depleted for dAr/N2 and dO2/N2 compared with more central part of the ice core
(unpublished data). Rather, we assumed that air in ice crystals and bubble air are in
equilibrium (Ikeda-Fukazawa et al., 2005). Therefore, gas loss from an ice piece can be
approximated as a function of specific surface area (S/V). In other words, a large chunk of
ice is less susceptible to gas loss than smaller pieces (Ikeda-Fukazawa et al., 2005). Of
course, further studies are warranted in the point.

- In the end, | suspect that the uncertainty in the amount of post-coring fractionation (section 5)
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completely erases the possibility to detect any sign of microbubble fractionation, which has a
much smaller amplitude, but it would be nice of you could quantify that.

»  Asignificant correlation between air content and dAr/N2 indicates that larger air content is
involved in the pressure sensitive process. Therefore, in the revised paper, we argue that the
pressure sensitive process is not limited on the microbubbles but it likely involves larger air
content, and provided several evidences.

» We now estimated the post coring fractionation in a new way, and now we take into
account that for the analyses of the post bubble-close off fractionation.

3. Microbubble concentration You make an interesting point about microbubble concentration.
As | understand, although the volume of gas is very small, the fractionation is so intense that
they matter. This argument depends strongly on the microbubble concentration in a sample, but
you make no attempt at quantifying it from observations. Only you quote a concentration of
0.3% from Vostok, which is a very different site from GISP2 and NGRIP, and | doubt that the
bubble shapes are the same at a cold low accumulation like Vostok and at warmer Greenland
sites. In addition, you use in your model a concentration of 1 to 3%, which is one order of
magnitude higher than the 0.3% documented at VVostok without justification.

Since your argument depends very strongly on the presence of microbubbles, I think that a
documentation/quantification of their presence is needed. You can do this by imaging a few thin
sections from the core at these sites, or look at tomography data from Greenland firn cores. I'm
sure that such data exists already, and including them would considerably strengthen your
argument.

»  See our new arguments for earlier comments. Now we think that the pressure sensitive
process is not only limited on the microbubbles but likely involves larger air contents.

»  Unfortunately, we did not find the image data for this. We stated in the text that it is
important to obtain more information of microbubbles (volume and pressrues) for the
advances of the permeation process.

4. Link between the two process studies

Your dominant mechanism for linking dAr/N2gravcor and (T, accum) is through bubble
pressure, affecting permeation through the ice. I could imagine that for cores with different
bubble pressure (perhaps because of different depths), the post-coring fractionation would be
more or less important.
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»  Bubble air pressure data is very limited, but we showed in this paper that the bubble
pressure is a critical observation to advance understanding of the permeation. We included
discussion on the effects of pressure for the post-coring fractionation.

» Impacts of different bubble pressures on the post coring fractionation are interesting and
important points. Although we did not have enough information to constrain this, we
included these points in the discussion for further research.

- This study is complicated if we look at different depths because of clathrate formation, but you
could look for a trend in the first 500m where there are few clathrates. Perhaps you could take a
look at what we expect bubble pressure to be with depth, and run your gas loss model for an
expected range of bubble pressures to see if we could see any change that would match your
data

» The depth effect should induce increasing depletion in dAr/N2 with deeper depth by
overloading press, which we did not observe in the ice core data. This is an interesting
point and we included in the discussion. Future studies should look at this more in detail.

» We included a reference of an observation of bubble pressures by Gow and Williamson
(1975), which showed that ice core relaxation produces stable bubble air pressure deeper
than 300 m, which solve the problem for the deeper part.

- In your time series, you are looking at the fractionation of micro-bubbles due to different
bubble pressure for different (T, accum), but what about the fact that if the bubble pressure is
higher, you will also have more post-coring fractionation ? Perhaps you could make a plot of
bubble pressure in the x axis, and expected dAr/N2 from postcoring fractionation after 15 years,
with the parameters used in Section 5, to estimate whether this could have a significant impact
on the correlation of dAr/N2 with temperature or accumulation. You could also use this graph to
add the expected fractionation of dAr/N2 from the presence of microbubbles, since bubble
pressure depends on firn thickness. This would be a way to put both studies together in a
comparable framework, and estimate what can be said. If your model runs have error bars, even
better.

» Now we derived bubble pressure from the post coring depletion of dAr/N2 in GISP2. Then,
it was applied to other cores. The possibility of effects of gas pressures in ice cores are
likely, but it is difficult to quantify from the data we have (see earlier replies). As it is
important points, we included the point in the discussion section.
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5. link between model and data

The link between the observed time series and the model could be made more clear. For
instance, you could have run the model for the input temperature and accumulation time series
shown in Fig 3, and do a model/data comparison. If you follow my advice #1 to show multiple
sites, you could instead make a 2D plot of temperature, accumulation and dAR/N2, on which to
compare data and model.

» The particular model we used (Schwander et al., 1997) in Fig 9-11 is an equilibrium model
(run only for constant temperature and accumulation rate), and the Goujon model does not
have all necessary parameters in outputs. Therefore, it was not possible to do the suggested
run. An obvious future advance of this study would be to run the model with variable
accumulation rate and temperatures in transient runs, but it is beyond the scope of the
current study.

6. Conclusions

You emphasize in the abstract and conclusion the importance of process #2 (microbubbles), but
you find that process #1 is responsible for -2.7 to -6.6 per mil of dAr/N2, whereas process #2
accounts for 0.38%o_C (and Holocene changes are on the order

of 1_C), or -0.11%o(cmice/yr), with Holocene changes on the order of 2-5cm/yr. It’s hard for me
to believe that, in the presence of noisy data, and with a moderately well-known amount of post-
coring gas loss (process #1), you could identify the contribution of microbubbles (process #2). It
does not make the modeling study any less valuable, but I believe that with such data, and
uncertainty in the model, you cannot conclude that you have observed it, or that this process is
significant. As it stands, the conclusions of the paper are not sufficiently strong, and the
articulation between the observation and models not clear, but there is potential for making this
a much stronger paper, or at least, clearly state the limits of current knowledge and offer
suggestions for better observations. | hope that you will take this into account in rewriting the

paper.

»  As stated earlier, the correlation between air contents and dAr/N2 (new Fig. 1 bottom)
indicate that pressure sensitive process involves not only microbubble but also larger air
contents. Therefore, the use of the larger percent of “microbubbles” is legitimate, and
support our conclusion. In the revised paper, we included discussions on remaining
uncertainties and implications on the permeation processes.

»  We believe that new data (Dome Fuji and total air content of GISP2) and new calculations
now well support our conclusion.
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Specific comments:

Page 15717 | 6-7: It’s confusing to use dAr/N2, and it would be more clear to keep the
dAr/N2gravcor (or dAr/N2gc if you want to be more compact), during the remainder of the
manuscript, like you did for equation (2).

» Because all dAr/N2 are dAr/N2gravcorr after the explanatory section, we used dAr/N2
throughout but clearly stated that dAr/N2 denote dAr/N2gravcorr later sections.

Pqge 15718119 : it’s unclear now that dAr/N2 has been corrected for gravitation. If it has not,
this is a trivial result, but I assume it is, and it would reduce confusion if you keep a clearer
notation.

> See above.

P 15719117 : colder temperature induce more fractionation. This is opposite the conventional
wisdom that colder ice has less gas loss. Can you comment on it? It would be good to add the
plots of the stated correlations (scatter plots) in the online supplement.

»  An important finding from this regression analyses is that gas loss is apparently caused by
changes in the overloading pressure of the bubble air near the bubble-close off region. The
colder temperature induces thicker firn layer, and so higher pressure in the bubble-close off
region. Colder temperature induces less permeation from unit volume of ice in unit time,
but the effects of higher pressure is apparently stronger.

» We now provide a table with data for various temperature and accumulation rate, which
can be used to make plots.

P 15721 117-19 : “not in the shallower part”, does it mean that it is better than “weakly
correlated”, or not correlated at all? You commented on the fact that the accum rate is smaller at
NGRIP, but you don’t comment on the lack of correlation with temperature.

Could you say something?

» NGRIP dAr/N2 had a weak correlation with temperature for the deeper part, where ice was
stored in colder temperature.

»  From the model exercise, it became clear that when the firn becomes thinner, dAr/N2
fractionation reduces. Therefore, the relation found in GISP2 will become less sensitive
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when firn becomes thinner (e.g., NGRIP). This may be one of the reasons why we do not
find a correlation between dAr/N2 and temperature in NGRIP.

Figure 5 : put the data points in (+), so that we can see the original scatter in the data
» Data points are added.

page 15724, line 23 : " using these values ", add a table with the values used for D, X, and KX.

> Atable is added.

page 15724: impact on the uncertainty of the values for k, and X?

> Now we use two different sets for kX.

- why use S/V ice core rather than S/V bubbles?

» We are interested on the surface areas that are exposed to open air. In the case of ice cores,
it corresponds to the S/V of ice cores.

- S/V bubbles changes with depth due to compression, does it affect your results?

»  We take into account the effects of changing S/V with depth in firn, linked with density
change.

P 15725, 12 : " several orders of magnitude larger " : what impact on results?
» Now we use a different way to estimate post-coring fractionation.

| 16: close-off with dash, not one word (valid for the whole document)

» Corrected.

p 15726, I5 : vostok vs gisp2 ? is vostok data relevant for a very different firn?

» It could be expected that the environment like VVostok where accumulation rate is very low,
the number of bubbles are smaller owing to the larger grain sizes. On the other hand,

GISP2 with high accumulation rate, smaller grain size may have induced more
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microbubbles.
» Now we also use Dome Fuji data, and we found that our model is consistent with Dome
Fuji data.

p 15727 : above the depth -> that depth

> Corrected.

fig 7 : would be a more efficient use of space in a table

»  We believe that a plot will be useful to show the relationship between different molecules,
but now we provided a table as well (Table 2.2).

p 15728 : equation 7 is wrong for 2 reasons :

- it’s not homogeneous : P is unitless, V is a volume (m3) or maybe unitless like C(I)? (unclear),
rho is a density (kg/m3), you probably want to divide the right hand side by rho_ice.

- you are neglecting the change in total porosity by multiplying by (rho_ice - rho(l)),

and an equivalent term of (rho_ice - rho(I+1)) should appear, probably in the form of :
[p_open(l)*(rho_ice - rho(l))-p_open(I+1)*(rho_ice - rho(l+1))]

Actually, many equations loosely described in line 8-13 should be written explicitely, with a
clear definition of variables to be understandable. I don’t understand how you relate C(l) with
vO(l)

» We now a provided more precise equation, although it did not change results much.

Page 15729, section 6.3, figure 11a Can you explain why the dAr/N2 in normal bubbles
decreases and increases again before stabilising ? What are the competing effects ? You mention
competing effects between micro and normal bubbles, but not in the normal bubbles themselves.

» To understand this, you need to think about the inclusion of larger air contents near the
bubble-close off depth with dAr/N2 = 0, which induce an increase of dAr/N2 near
stabilization.

page 15730 : You conclude that the micro-bubble effect is one order of magnitude too small,
and you have likely overestimated the micro-bubble fraction by an order of magnitude (see my

earlier comment). The reader can naturally conclude that microbubbles are not a dominant
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contributor to the fractionation. I believe that there is a lot

» We analyzed air content for GISP2 and found that dAr/N2 have a positive correlation with
air contents, indicating that when air content is smaller dAr/n2 is more depleted. This
indicates that the pressure sensitive process involves not only microbubbles but larger air
content.

C5107 of value in quantifying the micro-bubble contribution, as you did, but I would not reach
the conclusion that " they dominate the total _Ar/N2 changes in spite of their smaller volumes. "
as you state in the abstract on line 18-19. Instead, perhaps you could hint at other processes, or
highlight the limits of your model, due to unconstrained parameters that we could perhaps
quantify experimentally, by doing an uncertainty estimation including a range of possible values
for the permeation coefficients, the geometry of the bubbles, etc.

»  See earlier replies.

Page 15730, lines 25-30. As you know, gases take some time to diffuse through the firn, and
take about 10 years to reach the lock-in depth. You use a densification model (Goujon et al
2003) to infer dAr/N2, but neglect gas diffusion. The time-lags you find are 81 and 21 years for
bubble pressure changes, which are the parameter you are most interested about, and these
timelags are in the same ballpark as the timelag due to gas diffusion. Therefore, | wonder how
including gas diffusion would change your time-lag estimates. In particular, gas diffusion does
not affect bubble pressure, but it affects gravitational fractionation, and thus what time lag we
include in the gas-age ice-age difference used for the chronology.

»  Gravitational correction using d15N does not affect dAr/N2 variation as d15N variation is
so small at least for the time interval we see. The time lag should not be constant if the firn
thickness changes more radically by accumulation rate or temperatures, although in the late
Holocene it worked as near constant lag.

»  For alonger time scale and more variable firn, it would be necessary to use transient run of

the firn and permeation model.

page 15730 : " Apparently, the surface temperature anomaly takes longer time to reach the
maximum increase in the overloading pressure than that of the accumulation rate anomaly,
which is consistent with the observation (68 and 38 years, respectively). "

Perhaps you could add that when you have an accumulation increase, you increase the
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downward advection in the firn, so the propagation of the anomaly is quicker. (At least, that’s
how | interpret this difference)

> Yes, we did.

Pages 15731-33 : the discussion is great, and very thorough

»  Thank you!

Page 15734 (conclusion) line 20: " Therefore, the observed negative correlation of _Ar/N2 and
accumulation rate can be explained by the processes on the micro-bubbles through the changes
in the overloading pressure. " | disagree. You are overstating your conclusions. You find that
micro-bubbles have the right sign, but produce a much smaller (10x) fractionation than
observed. This could be due to poor knowledge of the diffusivity/sorptivity, or to the fact that
post-coring permeation is dominant, or to unknown additional processes. Also, you don’t talk
about post-coring fractionation, which you calculated to be highly significant. Why ?

»  As we think the sentence before “Therefore, ..” is enough, we deleted the sentence
"Therefore, the observed negative correlation of _Ar/N2 and accumulation rate can be
explained by the processes on the micro-bubbles through the changes in the overloading
pressure. ".

Figure 2 (and also in the text). Did you plot dAr/N2 or dAr/N2gravcor ? Of course, we expect
dAr/N2 to be subject to gravitational fractionation, which depends on T and accumulation. This
is not new at all to find a correlation between gravitational fractionation and T or acc. | suspect
that you meant to plot dAr/N2gravcor , and you should make it clear throughout the manuscript.

» Yes. | plot dAr/N2 gravitationally corrected.

Figure 3 : Can you be sure that the correlation you find between dAr/N2 and T or accumulation
is not due to a remnant of gravitational fractionation that was not corrected well by d15N ? Is
there a way that you can test that ?

> Standard deviation (0.07) of (8*°N * 11) in GISP2 over the past 6000 years is much smaller
than standard deviation (1.33) of raw dAr/N.. Therefore, gravitation correction using d15N
does not introduce significant variability into dAr/N2.
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» This is a good point. The sentence above is added in the text.

Figure 5 : Perhaps you could add to Fig 5 the comparison of d15N for both cores, which
shows good agreement.

> 8PN is plotted now in Fig. 7.

Figure 9 : I don’t understand what all the colored lines show. What is your point in this figure ?

» Each line indicates air content and fractionation in annual layer. More explanation is added
in the caption.

» You can see how each bubbles generated in different depth evolve with time in terms of
permeation. Some of each annual layer is plotted on the bottom.
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Abstract

Gases in ice cores are invaluable archives of past environmental changes (e.g., the past«
atmosphere). However, gas fractionation processes after bubble closure in the firn are poorly
understood, although increasing evidence indicates preferential leakages of smaller molecules
(e.g., neon, oxygen, and argon) from the closed bubbles through the ice erystalsmatrix. These
fractionation processes are believed to be responsible for the observed millennial 802/N>
variations in ice cores, linking ice core chronologies with orbital parameters. In this study, we

investigated high-resolution SAr/N. of GISP2, NGRIP, and Dome Fuji ice cores for the past

(BRZE: 12Tk BOOMA

(ZXEE: 74> F : Symbol

few thousand years. HereinW-we found-find that Ar/N> at multi-decadal resolution on the gas

age scale in the GISP2 ice core has a significant negative correlation with accumulation rate
and a positive correlation with air contents over the past 6000 years, indicating that changes in
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overloading pressure induced SAr/N, fractionation in the firn. Furthermore, thepreeise-GISP2

(@XLEE: J+> : Symbol

temperature and accumulation rate-records-ever-the-past-4000-years-are-found-te for the last
4000 years have nearly equal effects on SAr/N, with sensitivities of 0.72 + 0.1 %o °C* and -
0.58 £ 0.09 %o (0.01 m ice yr1)™, respectively. To understand the fractionation processes, we
applied a permeation model for two different processes of te-bubble pressure build-up in the
firn, “microbubbles{<1 % of aircontentin-the-\ostok-ice-core)pressure sensitive process (e.q.,
microbubbles: 0.3 to 3 % of air contents)” with a greater sensitivity to overloading pressures
and”-and— “normal bubbles_process”-in-the—firn. The model indicates that 3Ar/N; in the
microbubbles-bubbles under the pressure sensitive process are negatively correlated with the
accumulation rate_due to changes in overloading pressure-as—feund-in-the-observation—due-to
changes-in-overloading-pressure. On the other hand, the normal bubbles experience only limited
depletion (< 0.5%o) in the firn. Colder-{warmer) temperatures in the firn induce more-{less}
depletions in 8Ar/Nz; through thicker firn. —The pressure sensitive bubblesmierobubbles are so
depleted in SAr/N2 at the bubble eloseoffclose-off depth that they dominate the total SAr/N:

changes in spite of their smaller velumesair contents..- The model also indicates that SAr/N; of
GISP2-and-NGRIRice cores should have experienced several permil of depletion during the
storage 14 _to 18 years after coring. Further understanding of the SAr/N—ard—802/N>

fractionation processes in the firn, combining with nitrogen and argon isotope data, may lead

to a new proxy for the past temperature and accumulation rate.

1 Introduction
Atmospheric gases trapped in the firn layer (unconsolidated snow layer; ~70 m at the«

Greenland Summit) and preserved in the underlying ice sheets provide precious and continuous

records of the past atmosphere and environments (Petit et al., 1999;Spahni et al., 2005;Ahn and
Brook, 2008;Kobashi et al., 2008a). However, to reconstruct the original environmental records,
it is important to understand the processes of air trapping in the firn, and how the air is retained
in the ice until it is analysed in laboratories. Two processes are well-known that change air
composition before the air is trapped within bubbles in the firn. First, gravitational fractionation

separates gases according to their mass differences and diffusive column height of the firn layer
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(Craig et al., 1988;Schwander, 1989). Second, a temperature gradient (AT) between the top and
bottom of the firn layer induces thermal fractionation generally pulling heavier gases toward
the colder end (Severinghaus et al., 1998). In this study, we investigate the-a third process that
occurs after the bubbles are closed (post bubble eleseeffclose-off fractionation) and that
preferentially affects gases with smaller molecular sizes (< 3.6 A; for example, helium, neon,
oxygen, and argon), but also gases with larger molecular sizes in smaller magnitudes (Ikeda-
Fukazawa et al., 2005;Huber et al., 2006;lkeda-Fukazawa and Kawamura, 2006;Severinghaus
and Battle, 2006;Ahn et al., 2008). This fractionation continues deep in ice sheets smoothing
signals (Ahn et al., 2008;Bereiter et al., 2014), and the process further-continues during/after
coring (Ikeda-Fukazawa et al., 2005;Kobashi et al., 2008b;Suwa and Bender, 2008b;Bereiter et

al., 2009;Vinther et al., 2009).

Clear evidence of the diffusive gas loss from ice cores_through ice crystals has been

observed in the oxygen content in ice cores as a rapid-depletion of oxygen relative to nitrogen
(Bender et al., 1995;Ikeda-Fukazawa et al., 2005;Suwa and Bender, 2008b). Depletion of air
content by ~10 % was atse-observed for the Camp Century ice core after storage for 35 years,
although possible analytical differences between early and late measurements cannot be
rejected (Vinther et al., 2009). The process is highly temperature dependent, and i-the gas loss
is induced by the pressure gradients between the bubbles and the atmosphere (Ikeda-Fukazawa
etal., 2005). In ice sheets, the concentration gradients at different depths drive the gas diffusion

through ice crystals, which smooth climate signals (Bereiter et al., 2014). Firn air studies

showed that smaller molecules such as helium, neon, oxygen, and argon preferentially leak out
from the closed bubbles, leading to enrichments of these gases in open pores near the bubble-
eleseeficlose-off depth, which leads to depletions of lighter gases in the closed bubbles (Huber

et al., 2006;Severinghaus and Battle, 2006;Battle et al., 2011). However, the mechanisms
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creating 8Ar/N2 or 802/N; variations in the time domain (i.e., ice cores) are still poorly

understood.

On a longer time scale (i.e, orbital), vi=O/N-variationsariations in 802/No-in-the-orbital

scale arefound-to-closely follow local insolation changes (Bender, 2002;Kawamura et al.,
2007;Suwa and Bender, 2008a;Landais et al., 2012). As a possible mechanism, it has been
hypothesized that changes in local insolation affect physical properties of the snow at the
surface that persist into the bubble eleseeffclose-off depth, controlling the §02/Nx fractionation
(insolation hypothesis) (Bender, 2002;Fujita et al., 2009). In addition, air content in ice cores
are also found to covary with 302/N2 ir-on the orbital time scale, indicating common causes
(Raynaud et al., 2007;Lipenkov et al., 2011). According to this hypothesis, the orbital signals
in 302/N2 in ice cores are loecked-linked #n-to the ice chronology rather than in-to the gas
chronology, which differ by up to a few thousand years. Therefore, the precise understanding
of the gas loss process in the firn is essential to determine how climate signals in the bubbles

are placed between the ice-ages and gas-ages on the orbital time scale.

In this paper, encouraged by the observation of a significant negative correlation between

SAr/N, and accumulation rate over the past 6000 years in GISP2 ice core (Fig. 1), usirg-8AHN.

(WALEE: I+ > : Times New Roman
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we investigated

the_processes of #multi-decadal to centennial SAr/N, variability_in three ice cores (GISP2,

(®EH: F=

(WREE: EE/FH=E@EL)

NGRIP, and Dome Fuji); as well as the-gas loss processes during-the storage. SAr/N. variations

are generally highly correlated with 302/N: in ice cores, suggesting that-similar processes
driving these for-802/N.-that-drive-the-8ArNo-variations (Bender et al., 1995). As SAr/N2 is

nearly constant in the atmosphere over the eencerned-relevant period (Kobashi et al., 2010), it

is better suited to assess the permeation processes in the firn and ice cores than 50./N; that
varied in the atmosphere by ~1.5 %o during the glacial-interglacial cycles (Bender et al., 1995).
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In the following sections, we first describe the data; and investigate the relationships between
SAr/N2 and changes in accumulation rates and surface temperatures. Then, the fractionation
processes are examined by applying a permeation models to the ice cores_and the firn under

two processes, “pressure sensitive processes (e.g, -are-the-microbubbles)”, and “normal bubbles

process”—in—the—firn. Finally, we discuss our findings, draw conclusions and_mention

implications.

2 Data description

SAr/N, data from three ice cores covering the past millennia (NGRIP, Dome Fuiji, and (#=ZEE: F=

GISP2) were used for the analyses. GISP2 and NGRIP data have been published earlier

(Kobashi et al., 2008b, 2015), and Dome Fuji data is new. Importantly, storage histories of these

cores (i.e., temperatures) are known and methods for measuring SAr/N. are all comparable. [%it!:i: Ak Symbol
(x| T

GISP2 and NGRIP ice cores were drilled from the Greenland ice sheet, and Dome Fuji was

drilled from the Antarctic ice sheet (Table 1). For GISP2, HAHN-was—measured-from-the (&XZLEE: I+ > : Times New Roman

tempe#a%u#es#emA—gN-andT%ApéKebaskn—eHlTZOOSb);Fh&sample resolution varies from (#=XZE\: J+>F : Times New Roman
(&=R%&®E: I+ >+ : Times New Roman

10 to 20 years with high resolution analyses covering the past 1000 years (Kobashi et al., 2008b,
2010) and around the 8.2ka event (8100 = 500 years Before Present [B.P., “Present” is defined

as 1950] ) (Kobashi et al., 2007). For NGRIP, sample resolution is about 10 years throughout

the past 2100 years (Kobashi et al., 2015). Fhe-sizes{50-100-g)-of-ice-samplesfor-this-study
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GISP2 and NGRIP have similar annual average temperatures of approximately -30 °C (Table

1). However, accumulation rate of NGRIP (~0.19 m ice/year) is 20 % less than that (0.024 m

ice/year) of GISP2 over the past 2100 years, and importantly its variation (standard deviation

after 21-year Running Means; RMs) is lower by 40 % than that of GISP2 (see later discussion).

Dome Fuji has a radically different environment from Greenland with the current annual

average air temperature of -54.3 °C and a mean accumulation rate of ~0.03 m ice/year

(Watanabe et al., 2003).

For the time scale of GISP2 and NGRIP ice ages, we used the GICCO5 (Vinther et al., 2006;

Seierstad et al., 2014). To ealewlate—obtain gas ages, we applied a firn densification-heat

diffusion model (Goujon et al., 2003)_that-was-apptied calculates firn density structure, close-

off depth, and delta age. -ane-Tthe gas age uncertainties_relative to ice age were estimated as

~10 % of the estimated gas_age-ice age difference (Goujon et al., 2003). To investigate the

SAr/N fractionation, ¥We-we used reconstructed temperature records from argon and nitrogen

isotopes in the trapped air within the GISP2 ice core for the past 4000 years_(Kobashi et al.
2011) and NGRIP for the past 2100 years (Kobashi et al., 26412015), and layer-counted
accumulation rate data for the entire—Holocene (Alley et al., 1997;Cuffey and Clow,

1997;GKkinis et al., 2014)-to-investigate-the-8ArNo—fractionation,. Dome Fuji have neither

precise temperatures nor accumulation rates over the past 2100 years. ard—tThe annual

resolution accumulation rate data were smoothed with 21-year running means (RMs) to iraie
correspond to gas diffusion and the bubble eleseetfclose-off process in the firn_(Kobashi et al.

2015).- A spline fit (Enting, 1987) was applied to gas data (e.g., SAr/N2) with a 21-year cut off

period to be consist with 21 RMs of other parameters, and used for the following analyses to

investigate signals longer than the decadal time scale.
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of GISP2 (see-later-discussion).GISP2 and NGRIP ice cores were analysed for SAr/N» ~14

years after coring, however, with different temperature histories. GISP2 (82.4 m -540 m) was

drilled in summer 1991. After shipment, they were stored at -29 °C in a commercial freezer

until they were moved to a freezer (-36 °C) at the National Ice Core Laboratory (NICL) in

February 1993 (G. Hargreaves, pers. comm., 2015). The ice samples were then cut and moved

to the Scripps Institution of Oceanography, where 3Ar/N2 was measured in 2005 (Kobashi et

al., 2008b). One the other hand, NGRIP2 ice cores (one of the two NGRIP ice cores; 64.6m to

445.2m) were drilled in summer 1999 (Dahl-Jensen et al., 2002). Shallower parts (64.6m to

254.4m) were stored in a freezer at the University of Copenhagen around -24 °C (J. P.

Steffensen, pers. comm., 2015), and deeper parts (255.5m to 445.2m) were in a freezer of a

commercial facility rented by the Alfred Wegener Institute (AWI) at -30 °C (S. Kipfstuhl, pers.

comm., 2015). In fall 2011, we cut the ice samples, and shipped them to a freezer at the National

Institute of Polar Research at -30 °C until 2013 when we analysed the ice cores (Kobashi et al.,

2015). The ice cores from Dome Fuji were drilled in late 1995, and stored at -50 °C with a short

period (2.5 months) at < -25 °C during shipment from Antarctica to Japan (S. Fujita, pers.

comm., 2015). The ice core was analysed in early 2014.

The conventional delta notation is used to express dAr/N; as follows:
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8Ar/N2 = [(Ar/NZ)sample / (Ar/NZ)standard - 1]103 (%0) (1)

where the subscript “sample” indicates ice core values, and “standard” is the present
atmospheric composition. For GISP2, mass 40 of argon and 29 of nitrogen, and for NGRIP_and
Dome Fuji, mass 40 of argon and 28 of nitrogen were used to calculate SAr/N2. All 3Ar/N2 data
presented in this study were corrected for gravitational and thermal fractionations in the firn

using a-the conventional method—{Severinghaus—and-Battle—2006:Severinghaus—et-al—2009)

with-based on 8N (Bender et al., 1995; Severinghaus and Battle, 2006; Severinghaus et al.,

2009)for-GISR2 as follows:

SAI‘/NZg\cavcorr = 8Ar/N2 — 11815N (2)

The coefficient 11 is-arises derived-asbecause the mass difference of SAr/Nz (*°Ar and 2°Ny)
is 11 times larger than that of the nitrogen isotopes (N2 and 28N,)-fer-GISP2. This coefficient
is replaced with 12 for the calculation of 8Ar/Nzgravcor for NGRIP_and Dome Fuji because the
mass difference between “°Ar and N, is 12. As the temperature sensitivity-sensitivities of 5N
and SAr/N2 is-are slightly different, the correction is not perfect. However, the variability
induced by the gas loss is much bigger than the uncertainties introduced by the differences of
the thermal sensitivities. Thereforethese-corrections-work-weH—After these corrections, the
SAr/Nzeorr Variations in the ice cores can be attributed only to the-process-of-the-gas loss. s
also-noted-that-SAr/Nogavcorr OF the GISP2 data using the mass 28 or 29 leads to negligible
differences (an average difference is 0.4 x 10" %o and the standard deviation is 0.94 x 10 %),

which is much smaller than the measurement uncertainty of 8Ar/N2(1c < 0.7 %.). We also note

8
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that standard deviation (0.07%o) of 5'°N x 11 in GISP2 is much smaller than standard deviation (WREE: T4k Symbol
(WREE: L=

of raw SAr/N2 (1.33%o) over the past 6000 years, indicating that the variations of SAr/Nocorr (W=EE: I+ >+ : Symbol
. (weAEE: FHE

mostly originate from the raw SAr/N, not from 5:5N. For the sake of simplicity, we denote all ~  (ERE®E: 4>+ : Symbol
L (wstEE: THE

the SAr/Nacorr 88 SAr/N, in later sections. [ WHEE: I+ b Symbol
VL (ERzE: FHeE

C g . . . . \ ['iﬁii: T4+ >k : Symbol
The significance of correlations were calculated considering the autocorrelation of time (WRAEE: teE

series (Ito_and Minobe, 2010;Kobashi et al., 2013). We consider > 95% confidence as \[iimi: 24>+ ¢ Synbol
(mXz®|: T

significant, unless otherwise noted. All error bounds in figures and texts are 2c. (WLZE: i CRE)
(B=%A: 7+ F : Symbol

3 Post-coring fractionation

Before evaluating Ar/N. in ice cores for the changes that have occurred in the firn, it is

o U A 0 U

(#REE: I+ >+ Symbol

necessary to consider the post-coring fractionation (lkeda-Fukazawa et al., 2005){tkeda-

Fukazawa;2005-#128%}. For this purpose, we applied a molecular diffusion model (permeation

model) through ice crystals (Ikeda-Fukazawa et al., 2005). It has been applied to observed

depletions of oxygen in the Dome Fuji and GISP2 ice cores by ~10 %o with respect to nitrogen

(Ikeda-Fukazawa et al., 2005;Suwa and Bender, 2008b). The model was also implemented with

modifications for gas permeation processes in the firn (Severinghaus and Battle, 2006) and in

ice cores (Bereiter et al., 2009). The gas permeation in ice cores is driven by the pressure

gradients between two spaces isolated by ice walls (e.qg., between bubbles or between bubbles

and the atmosphere). The concentration (Uwm; mol - mol;L) of species m (i.e., nitrogen, oxygen,

9

(gz@: FH=
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and argon) in bubbles in one mole of ice after a time t can be described as follows (lkeda-

Fukazawa et al., 2005):

U = Upy — kynXm (P'Z, — POZ3,)S [Vt (3)

where U2 _(mol - mol;.L) is the original concentration of species m. kn (m-s™) is the mass

transfer coefficient and equals to Dw/Al, where Di (m?-s™)) is the diffusion coefficient of the

species m, and Al (m) is the thickness of the surface layer of ice (Ikeda-Fukazawa et al., 2005).

Xm (mol - molL - MPa~1) is the solubility of species m in ice. P' and P2 are the pressures in the

bubbles and in the atmosphere, respectively. Z:, and Z$, are molar fractions of species m in the

bubbles and in the atmosphere, respectively. S (m?) and V (m®) represent the surface area and

the volume of an ice sample such that S/V can be understood as specific surface area (m™), an

important variable for the gas exchange between the atmosphere and the ice (Matzl and

Schneebeli, 2006).

For Eq. (3), we assumed an initial air content of 6.53 x 10-° mole in one mole of ice (a

typical air content in ice cores). U2, for each gas is calculated from the total air content

multiplied by the atmospheric molar ratio of each gas. In this case, Z}, and Z3, are set to the

atmospheric partial pressures for each molecule. Another factor that affects the gas loss is the

specific surface area. GISP2 ice core has a larger diameter (0.132 m) and longer length (1 m)

during the storage than that for NGRIP core (diameter 0.098 m and length 0.55m). Dome Fuiji

core has a diameter of 0.093 m and length of 0.50 m. Therefore, the specific surface areas (S/V)

were calculated to be 32.3 m, 44.5 m™? and 47.0 m! for GISP2, NGRIP, and Dome Fuiji,

respectively. It is noted that these specific surface areas are approximations as ice cores during

10
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the storage often have different shapes, and we shaved the ice surface by ~5 mm before the

analyses (Kobashi et al., 2008b;Kobashi et al., 2015). However, we also note that shallow late

Holocene ice cores often had near intact shapes (no sampling) at the time of our sampling from

ice cores.
Diffusivity (Dar) and solubility (Xar) for argon in ice are less known than those of nitrogen (BREE: T4+ - fHE BL)
[ EREE: T4k R
and oxygen. Therefore, we attempted to estimate two possible functions (Ar (1) and Ar (11)) for [ BREH: T2k 0 MK
KkarXar (= DarlAl -Xar) in relation to those for nitrogen and oxygen (Fig. 2). Kn2X n2 and kooX o2 [Iitiir PERANE 1S
L (EREE: T BHE
in different temperatures can be estimated using Egs. (4) and (8) with Al = 12 mmand 7 mm . (B=XZE&E: 71> : §ilf, FHE
(&R T4k Symbol, #HA
for nitrogen and oxygen in Ikeda-Fukazawa et al. (2005) for the Dome Fuji core (Fig. 2), which (WREE: Tt - Bk
(@RZE: 7+ #iE
were consistent with various observations (Ikeda-Fukazawa et al., 2005; Severinghaus and (WREE: T4 - A THE

Battle, 2006; Suwa and Bender, 2008b; Bereiter et al., 2009).

First estimate of Ar (1) uses a diffusion coefficient (Dar; 4.0 x 10 m? s of argon at 270

K calculated from molecular dynamic simulations with those of nitrogen (Dn; 2.1 x 10!t m?

sh and oxygen (Doz; 4.7 x 10 m?s) (Ikeda-Fukazawa et al., 2004). Owing to the molecular-

size dependent fractionation, argon permeation occurs slower than oxygen but faster than

nitrogen (Fig. 2), which cannot be explained by their mass differences (Huber et al., 2006;

Severinghaus and Battle et al., 2006). Then, temperature-dependent kar and Xar were estimated

assuming that the geometrical relationship between Dnz, Dar, and Doz at 270 K from the

molecular dynamics simulations holds for kar and Xar at different temperatures as follows:

Kar = Koz - (Dozatezok- Dar at270k) / (Do2 at270k - D2 ate7ok) (Koz - Knz) (4)
Xar = Xo2 - (Do at270k - Daratezok) / (Doz atz7ox - Dz at270x) (Xo2 - Xnz) (5)

11
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Second, we estimated Ar (11) from an observation that SAr/N, in ice are often depleted about (WREE: T4k Symbol ]
(WREE: T )
half of 602/N2 in ice cores (Bender et al., 1995). To satisfy this condition, karXar can be written
as:
karXar = (knoXn2 + kooXo2) / 2 (6)
Estimated karXarfor Ar (1) and Ar (11) are higher than kn2Xn2 and increase with temperatures, (@KEF: T4 #iE BL) )
{.’.;jztiﬁ: TAU kR (L) ERE/FRE J
resulting in a general depletion of SAr/N. in ice compared to the atmospheric composition, and VL)

— (®=EE: I+ >+ Symbol )
the depletion is faster in warmer temperatures (Fig. 2). The use of Ar (1) induces faster depletion (WEE: T )
of 3Ar/N, than that of Ar (11) owing to faster permeation of argon. With the two estimates of (®=R&®E: I+> b+ : Symbol )

(WtZEE: T )
karXar, We explore the range of uncertainties associated with argon permeation.
In a pioneering study by Bender et al. (1995), 8Ar/N, in a shallow core of GISP2 was
analysed after one week, three months, and seven months of drilling in 1989 to study the time
dependent gas loss process (Fig. 3). As the data from three different periods are not significantly
different, we consider the 8Ar/N, as the original values before the coring. By comparing the [iit&ﬁ: T4k Symbol ]
(m=zE: FH= )
data (Bender et al., 1995) with our dataset analysed 14 years after the coring (Kobashi et al.,
2008b), we estimated the post-coring fractionation of SAr/N2 in GISP2 to be -1.5 £ 0.6 %o, a (@=Z&\: 71> : Symbol )
(m=zE: FH=z )
difference of the two datasets for common depths (124 to 214 m) (Fig. 3). Using this value, we
derived an unknown parameter (i.e., bubble pressure) in Eq. (3). The bubble pressures are
calculated as 0.6 = 0.2 MPa and 0.8 + 0.3 MP for two different estimates of karXar of Ar(l) and
Ar(11), respectively, which agree with the normal bubble pressure at 150-200 m deep in VVostok
(Lipenkov, 2000). Using the estimated bubble air pressure and aforementioned parameters, the
amounts of depletion in §Ar/N after coring are estimated as -3.0 + 1.2 %o, -2.5 + 1.0 %o, and (W2XLE: b=/ FHRHEGRL) )
1.5 + 0.7 %o for NGRIP shallow, and NGRIP deep, and Dome Fuji, respectively (Table 2). As
a result, it is possible to derive the original SAr/N, values before coring for GISP2, NGRIP (&R%®E: I+ >+ : Symbol )
(WtEE: T )

12
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shallow, and NGRIP deep, and Dome Fuji as -2.4 + 0.6 %o, -3.3 £ 1.2 %0, -3.4 + 1.0, and 6.3

0.8, respectively (Table 2).

4 Post bubble close-off fractionation in firn: Empirical evidence

34.1 GISP2 8Ar/Nz variation over the Holocene -

The 8Ar/N2 record over the Holocene in the GISP2 ice core exhibit relatively constant
values around -3 %o, except for a prominent rise of up to 10 %o around 7000 B.P. (Fig. 4). The
rise is located within the depths of the brittle zone (650 ~to 1400 m), where air in the bubbles
changes to clathrate inducing anomalously high pressure (Gow et al., 1997). The dissociation
pressure of nitrogen in the clathrate phase is higher than that of argon (or oxygen) so that
nitrogen is enriched in the gas phase in relation to the clathrate (more stable state), resulting in
a preferential leakage of nitrogen, and thus feading-te-argon (or oxygen) enrichments in these
depths (lkeda et al., 1999;lkeda-Fukazawa et al., 2001;Kobashi et al., 2008b). As the
dissociation of gases from the clathrate depends on various factors, 8Ar/N: in these depths are
highly variable (Fig. 4). It is noted that 8*°N and §“°Ar de-net-exhibit little influences from the
anomalous 8Ar/N: fractionation, indicating that the processes are mass independent in first

order (Huber et al., 2006;Severinghaus and Battle, 2006) (Fig. 4).

Changes in the surface temperatures and accumulation rates are the dominant controlling
factors for the state of firn layers (e.g., density profile, bubble eloseoffclose-off depth, and firn
thickness) (Herron and Langway, 1980;Schwander et al., 1997;Goujon et al., 2003). Therefore,
we investigated if changes in surface temperature or accumulation rate have any controls on the

S8Ar/N variations. Fhen;We found a significant negative correlation (r = -0.2935, p = 0.03)

13
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between 8Ar/N2 on the gas age scale and the accumulation rate-was-found for the past 6000

years, a time interval in which-when the abnormal 5Ar/N2 fractionation is not observed (Figs.

1-and-21 and 4). This negative correlation is opposite of what an earlier study (Severinghaus
and Battle, 2006) suggested for the permeation fractionation in the firn (positive correlation).
In addition, the significant correlation was found for Ar/N2 on the “gas ages” scale rather than
the “ice ages” that the insolation hypothesis predicts; an indication that new processes need to

be considered for the gas loss processes in the firn.

GISP2 data for over the past 4000 years provides a unique opportunity to investigate
SAHMN20AI/N,,_—variations as—pecause precise temperature (Kobashi et al., 2011) and
accumulation rate—recerds by layer counting (Alley et al., 1997;Cuffey and Clow, 1997)- are
available. Using these data, we applied a linear regression and lag analysis on SAr/N>S8AHN.
It is found that the surface temperature is positively correlated with SAr/N28A#N. on the gas
ages (r =0.47, p = 0.04; r = 0.28, p = 0.001 after linear detrending) with a 68-year lag (Fig.
3aba), indicating that cooler (warmer) temperatures induced more (less) depletions in 3Ar/N2
with a multidecadal lag. On the other hand, the accumulation rate is negatively correlated with
S8Ar/N2-on the gas ages (r =-0.47, p = 0.12; r = -0.26, p = 0.01 after linear detrending) with a
38-year lag (Fig. 3b5b), indicating that high (low) accumulation rates induced more (less)
depletions in 8Ar/N2 over the past 4000 years. H-is-retedWe note that the surface temperature
and accumulation rate have a weak-negative but insignificant correlation (r = -0.32, p = 0.13;

after linear detrending r =-0.11, p = 0.2) over the past 4000 years.

To estimate the relative contribution of the accumulation rate and the surface temperature
changes on 8Ar/N2, we applied a multiple linear regression, which finds the best linear
combination of variables (i.e., temperature and accumulation rate) for a response variable (i.e.,
S8Ar/N,). Before the regression is applied, the temperature and accumulation records were

14
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shifted toward younger ages to account for the lags (38 years and 68 years for accumulation

rate and temperature, respectively), and SAr/N, is corrected for the post-coring fractionation

(W=ZHE: 71>+ : Symbol

(1.5 %0 added). As ordinary least squares including the multiple linear regression underestimate
the variance of target time series when the data is noisy (Von Storch et al., 2004), we used
“variance matching” by linearly scaling regression coefficients according to the ratio between
the variance of the target and model time series. Figure 3¢-5¢ shows the original and modeled
results of 3Ar/N2 over the past 4000 years. As expected, the model of the multiple linear
regression captures the 8Ar/N variations better than the individual variables do (Figs. 3a5a-c)
with a correlation coefficient of r = 0.58, p =0.09 (r = 0.36, p < 0.001 after linear detrending).
For the centennial variations, the model captures nearly half of the total variance of the observed
SAr/N2 variations with a 95% confidence (r = 0.71, p = 0.05 after linear detrending with 200-
year RMs). The high and significant correlation between the model and observed 5Ar/N2
indicates that changes in the surface temperature and accumulation rate played important roles

in controlling the SAr/N2 variations._From the multiple linear regression, -Fhe-sensitivitiesof

S8Ar/N2 on the gas ages in GISP2 can be expressed by temperature (°C) and accumulation rate

(m ice/year) as a function of time after adjusting for the lags:en-the-changes-in-the-temperatures
lati .

SAI/N, (t) = A x temperature (t + tremp) + B x accumulation (t + tacem) + C (N7

(2zE: TH=

where A = 0.72-72 + 0.2-06 %o °C™, ;andB = -0.58.8 + 0:09-4.3 %o (0-04m yr'): C =32.7

* 1.8 %o, and t, tremp, And tacem are time (years), lags (years) for temperature and accumulation

rate, respectively.*-respectively.
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Next, we attempted to use oxygen isotopes of ice (8*%0ic) as a temperature proxy for the

same regression analyses of Ar/N2 since we do not have the the-preeiseNz-Ar isotope based

(WZEE: T

temperature information before the-past-4000 yearss B.P. Although a §*0ice record from an ice
core contains large noises that could be transferred to an estimated temperature record, stacking
several 5'®0ic. records contains substantialreduees-the noises and provides a better temperature
record (White et al., 1997;Kobashi et al., 2011). Thus, we stacked three oxygen isotope records
(GISP2, GRIP, and NGRIP) over the Holocene in the 20-year RMs (Stuiver et al., 1995;Vinther
et al., 2006). The stacked record was calibrated to temperatures using the relation obtained from
borehole temperature profiles (Cuffey and Clow, 1997). Using the regression coefficients
obtained earhier-in {Fig. 3e5c), a Ar/N2 model was calculated from the oxygen-isotope-based
temperature and the accumulation rate (Fig. 3d5d). We found that the correlation between the
model and the observed SAr/Nz performs not as well as the one with the temperature and
accumulation rate for the past 4000 years (Fig. 3e5c), but does slightly better than the

correlations with the temperature or accumulation rate; individually (Figs. 3a5a,b).

The SAr/N2 regression model with the 5'®0ice—based temperatures and accumulation rates

can span the entire Holocene, including the periods when the observed 3Ar/N> are highly

variable owing to the post coring fractionation as discussed earlier. Except the time interval

around 7000 years B.P., Fthe model and observed SAr/N.-exeept-the-time-windew-around

~7000-B-P- exhibit rather constant values of -31- to -4-3 %o, threugheut-during the Holocene

(Fig. 46). interestinghyInterestingly, the model indicates that the constant Ar/N2 during the
early Holocene is the result of a cancellation between the effects of the accumulation rate and
the temperature, both of which were rapidly rising in the early Holocene (Fig. 46). The 8Ar/N>
variations remained higher or noisier from the early Holocene to ~6000 B.P. than that for the
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later period, which probably made-make it difficult to decipher the original multidecadal to

centennial signals in 3Ar/N2 (Fig. 46).

44.2 NGRIP_and Dome Fuji 8Ar/N2 variation over the past 2100 years “

SAr/N2 of the-NGRIP ice cores provides a good comparative dataset with the GISP2
data (Fig. 57). Average 8Ar/N> for the past 2100 years are -63.12-36 %o and -32.90-40 %o for
NGRIP and GISP2, respectively (Fig. 57). The 3Ar/N; variability in NGRIP (1o = 0.75-91 %o)

over the past 2100 years is abeut-4624% smaller than that of GISP2 (1o = 1.21-19 %.)_after

correcting for the post-coring fractionation (Table 2), likely owing to the smaller variations of
the accumulation rate at NGRIP than that of GISP2 (Fig. 57). The pooled standard deviations
of replicated samples are 0.94 %o for NGRIP over the past 2100 years, and 0.66%o. for GISP2
over the past 1000 years (replicates are available only for the past 1000 years in GISP2)
(Kobashi et al., 2008b). The noisier data for NGRIP than that for GISP2 should not be analytical
as the mass spectrometer used for the NGRIP had better precision on 8Ar/N> than the onethat
used for-the GISP2 (Kobashi et al., 2008b;Kobashi et al., Submitted2015). SAr/N; for GISP2

and NGRIP are enly—marginaly—weakly but significantly correlated with a correlation

coefficient of r = 0.22-24, {p = 0.0702 (after linear detrending)} for the everlapping-periodpast

1000 years of the high resolution part of GISP2, but the-centennial-variations—{with-100-year

detrending)not for

the deeper part likely owing to the difference of sampling densities between the two periods

(Kobashi et al., 2015). The surface temperatures at NGRIP were only weakly correlated with

SAr/N2z in the deeper part of NGRIP (r = 0.20, p = 0.06 after linear detrending) and were

(&=E=E: Bl 2

(B2EE: THEL

uncorrelated in the butretinthe-shallower part. No significant correlations were found between

SAr/N2 and the accumulation rate for NGIRPNGRIP, probably due to the lower variation of the
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accumulation rate at NGRIP than that of GISP2. |-t is consistent with the fact that the signal to

noise ratio (SNR = variance of signals/variance of analytical errors = 1.2) for NGRIP is about

one fifth of that for GISP2 (6.1) estimating the NGRIP signals from Eq. (7).

From the relationship between 3Ar/N» and the temperature or accumulation rate of (@EE: J+>F : Symbol )
(g=z@: FH )
GISP2 in Eqg. (7), we can calculate expected 8Ar/N, for NGRIP and Dome Fuji. Using the past (WMXLE: J+> : Symbol )
(#tzE: FHE )

2100 vyears of temperatures and accumulation rates for NGRIP (Fig. 7a,b) and the current
observation (Table 1) for Dome Fuji, expected SAr/N, from Eqg. (7) were calculated as 0.3 + (WMXLEE: J+> : Symbol )
(WREE: T )

1.3 %0 and -6.4 + 1.2 %o, respectively. The value for NGRIP is significantly higher than the

observed value of -3.3 + 1.2 %o corrected for the post-coring fractionation (Table 2). For Dome

Fuji, the value is similar to the observed -6.3 + 0.8 %o corrected for the post-coring fractionation
(Fig. 7 and Table 2). This may indicate that the relationship of 3Ar/N, with the temperature and [Ii\fiii Ak o Symbol ]
(BEE: T )

accumulation rate becomes non-linear when the firn thickness becomes thinner than that of
GISP2 as 3Ar/N, is not expected to be positive without the existence of clathrate (see later (@=EE: J+> : Symbol )
(g=zw: TH )
discussion). | (mzzxE )

S8Ar/N: ice core record-data of NGRIP from the depth ef-range 64.6-80 m exhibits some

interesting features (Fig. 68). The depth from ~60 to 78 m corresponds to the lock-in zone in
NGRIP, where vertical mixing of gas is limited so that :°N stays nearly constant in these depths
(Huber et al., 2006; Kawamura et al., 2006). Therefore, the shallowest data at 64.6 m are located
in the lock-in zone-(Fig—6). Generally, gas data from the lock-in zone are not used owing to

possible contamination_(Aydin et al., 2010). However, a recent study (Mitchell et al., 2015)

demonstrated that 5*°N can be used to estimate the amount of ambient air contamination using
ice samples in the lock-in zones, and the original methane concentration in the firn was

reconstructed with a range of uncertainties.-from-ice-samplesin-the-lock-in-zone. Therefore, we
18
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interpreted the observed rapid decreases of 5'°N and 8*°Ar toward shallower depths in the lock-

in-zone as the result of mixing with ambient air (Fig. 68d). Censidering-Based onthe isotope
mass balance, we calculated the original 8Ar/N2 values, which exhibited highly depleted values

as low as -50 %o (Fig. 86€). The depleted SAr/N; in the lock-in-zone provides a clue for-to the

processes of gas loss in the firn (see later discussion).

| — 8 I y (pizi pe7s \¢ /s (2)
Us e S (3)
where-U2(mol—mel—L)is-theoriginal-concentration-of-m-molectlekn—(mr-st)-isthe mass+ — (BRAEE: (V7 + | BHOT
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and-oxygen{Do-4-7- 10" m? s 1) from-molecular-dynamics simulations-(keda-Fukazawa-et
between-Diiz-Ba—and-Doz-at 270-K-holds-forkw-and-X-atdifferenttemperatures—This-leads-to

kar=kor—(4-7-4-0--4-7-2 1) (koo ~kn2) 4)

Yar=Xoa (4740} (4. 7-2.1) oz ~Xnz) )
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5 Preecessstudy-H-Post bubble-elosesficlose-off fractionation_in firn-fermiero-

and-normalbubbles: Process study

B RE TN

T Ty EAEE

6—— «~~{ia§
117

Air bubbles in the polar firn or ice can be categorized into two types (Lipenkov, 2000)::
Fhe-first-ene-are-normal bubbles and-the-etherare-se ealled-microbubbles (< 50 um). —They

ean-becan be distinguished as a bimodal distribution in ice cores (Lipenkov, 2000;Ueltzhoffer

et al., 2010;Bendel et al., 2013). The air volume contribution of the microbubbles to the total
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air content is estimated to be 0.3% in the VVostok ice core (Lipenkov, 2000), but the value is not

known for Greenland ice cores. Importantly, the two types of bubbles have significantly

different bubble pressure histories in the firn.

normal bubbles form at the bubble elesesffclose-off depth;-. are-mMost of the air in ice cores

is captured as the-normal bubbles, -and the air-trapping processes are relatively well known

(Schwander et al., 1997;Goujon et al., 2003;Mitchell et al., 2015). Normal bubble pressures

build up according to increasing density (normal bubble process; Severinghaus and Battle,

2006). On the other hand, the microbubbles are believed to form near the surface (Lipenkov,
2000).—Fherefore; So, they are highly pressurized and have rounded shape by the time when

the bubbles reach the bubble eloseotfclose-off depth (Lipenkov, 2000;Ueltzhéffer et al., 2010).

As a result, the microbubbles are more sensitive to changes in the overloading pressure at the

bubble close-off depth (pressure sensitive process).

Owing to the different bubble pressure histories in the firn, SAr/N2 or 802/N> in the

microbubbles and normal bubbles are expected to be different due to the differential permeation

of each molecule. In this study, we attempted to quantify two types of the gas loss processes,

“pressure sensitive process (microbubble)” and “normal bubble process”, in the firn using a

permeation model (lkeda-Fukazawa et al., 2005) combined with the inputs from firn-

densification heat-diffusion models (Schwander et al., 1993; Spani et al., 2003; Goujon et al.,

2003).
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6-15.1 Pressure sensitive process (microbubbles)Mierebubbles

We first looked into the microbubble-pressure sensitive process_esas exemplified by
the microbubbles. Microbubbles are believed to form in the shallow firn by sublimation-

condensation processes (Lipenkov, 2000). These bubbles have smaller sizes, smoothed

spherical surfaces, and can generally be found in the interior of the ice crystals (Lipenkov, 2000).

The bubble pressure reaches near overloading pressure at the bubble close-off depth, and so it

is sensitive to changes in the overloading pressure. As the actual contribution of microbubbles

and air content involved in the pressure sensitive processes is not known, we consider a 2%

contribution of air to the total air. As it will be discussed later, more air fraction than simply

from microbubbles (0.3 % in Vostok) are likely involved in the pressure sensitive process.

Therefore, we conducted additional calculations with 0.3 %, 1 %, and 3 % microbubble

contributions, and assessed the impacts to the total SAr/No.

(MXZEE: 71>+ : Symbol

the-bubble-closeofi-depth(Lipenkow,—2000)-To model the gas permeation process from the

microbubbles, we assumed steady state with given surface temperatures and accumulation rates,

and calculated the ages, firn densities, porosities, and overloading pressures at given depths,

using a firn densification-heat diffusion model (Schwander et al., 19973; Spahni et al., 2003).

Then, they are interpolated for annual layers in the firn for the following calculation.
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Changes in the concentrations of species mm-rmelectte were calculated according to

the following Eq. (68) similar to Eqg. (3).

Un(l+1) = Un(D) = kX (P Z5 (D — P“an)(s (D)so/sPepen(DECD)  (68)

. Un(l
Zi () = m(D
Ugr (D) + Uz (D) + Uy (D
where | is an annual layer from the surface to below the firn layerte- (e.q., ] =1 to

(=XEE: T4+ - HHE

2000)eeeperfirn, and Popen-Sg/s (1) in a layer | is the open porosity ratioepen-pereratio-relative

BAEE: THE

to-the-peresity-{Fig—8a). s, Sc, and s, are the total, closed, and open porosities (So = S — Sc),

respectively (Spahni et al., 2003: see also the next section “normal bubble process™). In a steady

state, | can be considered as a time variable. At | = 81, the eencerned-microbubbles in an annual
layer are at surface, although they are not active in terms of permeation at these depths (Fig.
89). With_I increasing-} in a one year step, the microbubbles move deeper in the firn with |
annual layers overlying. C(I) is a coefficient defining the gas concentration in a—cencerned

annual layer | relative to the total air in ice. For-the-microbubbles0.01-t0-0.03 (1 % to-3-%)

It is assumed that the pressure P’ (I) in the microbubbles starts increasing with overloading

pressure from the depth of which the normal bubbles generation initiates everloading-pressure

of(firn density of around 8-3750.7 MPa-g/cm?) (Fig. 8¢9c), and that pressure changes were

EXEH: LS/ FHRHEM@EL)

(
Eii\fﬁi: PR AN

(D N

(#=ZEE: L=

considered to be negligible above the-that depth_(Lipenkov, 2000). Initial Pi(0) was set at 0.065

MPa similar -to the atmospheric pressure at the Greenland Summit (Schwander et al., 1993)

with a 0.3 MPa lag from overloading pressure as in Fig. 9 (Lipenkov, 2000). We estimated the

specific surface area (S/V(1)) in a layer | from the linear relationship between the specific surface

(FAEE: T4+ - BHE

25
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areas (m™?) and densities p from the Greenland Summit (Lomonaco et al., 2011) with an

equation: S/V (1) (m™) = -16799 p(I) (g cm™®) + 14957. The initial gas content in the (W2EHE: 71>+ #iE

microbubbles was set at 20.3- to 3% of the air content (6.53226 x 10" mole x 0.01) per 1 mole

of ice, and it is composed of nitrogen (78.084%), oxygen (20.9476%), and argon (0.934%). The

specific surface area S/V was multiplied by the open porosity ratio Pepes-So /5 (1) ( {Spahni et (= T
(W=ZE: 71>+ #F

al., 2003; Fig. 8a9a) as the gas loss occurs toward open pores. knXm Was calculated as for the (EREH: T+ fHE
(WRXEE: T+ fHK (L)

post coring fractionation, and we used the estimate, Ar (1) for argon. (JREE: 742+ fHE
(WREE: T4k fiE THE

Figure 8-9 shows model results with a temperature of -30-31 °C, an accumulation rate (BREH: J1> b fi%

(B=RTE: T+t fiF THE

of 0.25 m ice/year_(similar to GISP2 condition), and 2% microbubble contribution. It shows

that the gas permeation from the microbubbles starts soon after the pressure was applied in the
microbubbles (Figs. 8e9c,d). As oxygen has a larger permeability than that of argon, 302/N.
depletion is larger than 3Ar/N2 (Fig. 869b). At the temperature of -30 °C and accumulation rate
of 0.25 m ice yr?, the depletion reaches up to =70-133 %o for SAr/N,, and =100-243 %o for
802/Nz2 in the model, which feads-corresponds to 5-12 % gas loss from the original air content

of the microbubbles (Fig. 8€9c).

6:25.2 NNermalormal bubbles process

Most of the air in ice cores{=99%3} is trapped as normal bubbles near the lock-in depth
{Fig—9a). As a result, bulk air pressure in the normal bubbles does not build up as high as the
microbubbles in the lock-in zone (Lipenkov, 2000). We used-the-permeation-medel-in-the Eq.
(68) to model the permeation process for the normal bubbles. As for the microbubbles, we

assumed steady state with the given temperatures and accumulation rates. The general

characters of the firn in various depths (ages, densities, porosities, loading pressures, bubble

26
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closeoffclose-off depths) were calculated using the firn-densification heat diffusion model

(Schwander et al., $9971993; Spahni et al., 2003), and they were interpolated for annual layers

as for the microbubbles. We first calculated how much bubble velumeair—of-bubbles is

generated in each annual layer according to the deereases-increase in the epen—pereclosed

porosity (PepenSc) With depth as the following equation. (#=2EE: TH= )
Vo(1+1) = af (éscPopen(l + 1) — ScPopen(l-+-1) (pice - pA+1 )M (pice - pd)) Hpice—pfAY | pd+1) < (WREE: T2k - MK (L) )
{-.timif: WHHA, 12T b - BAOT 0 0 J

(79) _ L, A 85mm
- (m=TE: Jx>+  # )
(@RFEF: T+ #HEF BL) )
(WRZE: T4k R (BL) ]
where Vo(l) is newly generated-trapped bubbles-air in an each-annual layer |, gice,is the density (WREE: T+ A )
[ EREE: T )
of ice, and g(l) is the density at depth J-{Fig-9a)-. -sc (1) is the closed porosity in an annual layer \ {g;ﬁgii FAUh L RHE (BL) | ERE/THE J
|, and a is a scaling coefficient. sc can be written as (Schwander, 1989; Spahni et al., 2003): \ ) %;::i; ;ii :: Z’{":Ol’ Lt %
VI (EREE: Aok fHK )
(mAEE: T4k Uk )
{'iﬁﬁi: AU bR (L) . ERE/TRE J

o) (% L)
So= {S'exp [75 : (g— 1)] 0 < p < peo (10) | (WREE: LHE/FHE®RL )
o Us, P > peo {5\5&&5 JATL  RHE (BL) . b E/FAE J
&

(WAEE: T2k fHk ]
(WRZF: T4k #IA )
|\ (WREE: T4V kA )
where oo is the density at the depth in which the air is totally enclosed in bubbles. The sum of (EREH: T+ b - fHE THE )
VOV EREE: Dok s )
all the newly generated air (3:2°9° v, (1)) was-are set to have the air content of 6.53 x 10-° mole (#REE: 12TV BUOFT 5 F )
(WRZE: 4>k fiE THE )
per mole of ice;-. are£Then, Vo(I) was scaled accordingly using the coefficient a, and converted (W=XZEE: T+ >+ : Symbol, &HE )
(BRTFE: T+t fiE THE )
to the volume (m®) with the atmospheric pressure (0.065 MPa) as in Fig. 9a10a. (@@ s/ FHEGRL) )
The normal bubbles start forming at ~approximately 40 m depth and the formation is- (@RZF: 1>TF  BHOOT  12.5m )

maximum around the bubble eleseeffclose-off depth of 60 to 75 m at -36-31 °C and 0.24 m ice

yrt in the model (Fig. 9al0a). Then, the permeation from each annual layer was calculated
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according to Eq. (68). The difference from the microbubble permeation process is that the
volume of the normal bubbles-in-each-annual-tayer decreases according to increasing density

towards deeper depth, leading to generally smaller pressure build-up and total permeation from

the bubbles in the firn (Fig. 9al0a). C(l) in Eq. (68) was calculated from Vo(l) for each annual

layer | by setting the sum of C(l) as-1 — 0.02 = 0.98 (if microbubble contribution is 2 %) (Fig.

9e10e). -Other parameters in Eq. (68) were set to be the same as for the microbubbles.

Figure 9-10 shows the evolution of the normal bubble volumes, the nitrogen and argon
concentrations, the 8Ar/Nz in each annual layer, and the air content and bulk 8Ar/N> with depth
at a temperature of -30-31 °C and an accumulation rate of 0.25-24 m ice yr? as for the
microbubbles for Fig. 89. A new generation of the-closed pore volumes in annual layers

generally increases towards deeper depths-exeept-thelast-threelayers,—showing-decreasing
trapped-airvelume (small-cireles-in-Fig. 9al0a). When open pore space disappears completely,

we eensider-assume the gas permeation to the open pore stops. As argon (oxygen) permeation
in ice is faster than nitrogen by ~380289 (~480479) % at -36-31 °C (Ar (I1), Fig. #2), Ar/N2
(602/N2) within the bubbles decreases- when the permeation proceeds. At the temperature of -
30-31 °C and accumulation rate of 0.25-24 m ice yr!, the Ar/N, depletion can reach about -7
5 %o for those bubbles formed at shallow depths (Fig. 9€10d). However, the amount of air
contents-contained ef-in these bubbles are-is so small_(Fig. 10a) that the influences on the total
SAr/Nz is limited (Fig. 9e10e). The depth vs. 3Ar/N: relationship of the total air from the normal
bubbles (Fig. 9e10e) indicates that the total 3Ar/N2 reaches the minimum of -0.56-39 %o at the
beginning-of-the middle of the bubble eleseeffclose-off depth of ~68-73.2 m. Then, the total

SAr/N2 increases to -0.42-29 %o as a large amount of the-totalambient air with SAr/N2 = O-(after

the-correction-for-gravitation) is trapped in these depths (Fig. 9e10a,d.e).

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

6.35.3 Total air in bubbles

The permeation models for the normal and microbubbles were run for various firn<——

conditions with different surface temperatures, accumulation rates, and microbubble
contributions to investigate their effects on the tetal-8Ar/N2 in the bubbles (Figs. 46-11 and
41 Table 3). Resultant air content (i.e., nitrogen, argon, and oxygen) for each annual layer from
the micro- and normal bubbles were added to calculate the combined effects of the
accumulation rates and temperatures on_total SAr/Nz (Fig. £011). Fhe+Results show that the

normal bubbles experience only limited 8Ar/N2 depletion (> -0.5%0) by the different

temperatures or accumulation rates we considered (Table 3). On the other hand, Ar/N> in the

microbubbles varies with eelder{warmer;-temperatures induece-more-less)y-depletions-SAHN,
for—the—microbubbles—through thickening—{thinning) of the firn, leading to higher—ower)

pressures in the bubbles and longer-{sherter) duration exposed to the gas loss in the firn (Figs-

10c-and-11bTable 3).- Higher accumulation rate with the same temperatures induces more

depletion as it is primarily controlled by the changes in loading pressure (Figs. 11c and Table

3). As a result

(WRZEE: A>T BOOFT 0 F )
(#=%E: 74>+ : Symbol )
(WREE: T )

the—final-8A+/No—_the total SAr/N2 generally reflects the variation of SAr/N, in the (E%EE: I+ : Symbol )
(WEE: T )

microbubblesvalues (r = 0.95; Figs—10b—and—1iaTable 3). Ontheotherhand—different (WREE: I+ BHE )

more-(less)-depletions(Figs—10e-and-11b)—Overall, the total SAr/N2 have high correlation with

temperatures (r = 0.97) than that (r = 0.57) with accumulation rates in the model (Table 3). (MXEE: I+ F  8HE )
(E=xz®: T+ #iF )
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Fig—tte—The modeled SAr/N, agrees with the observed 8Ar/N2 corrected for the post-coring

fractionation within their uncertainty ranges (Table 2). Extremely cold temperature in Dome

Fuji with low accumulation rate induces a long duration (274 years) of the bubble exposed to

the permeation in the firn, leading to a large depletion of SAr/Ns-of the- microbubbles-and-so-in-

the total air (Table 3). The variations of dAr/N2 in normal bubbles are limited, and clearly

microbubbles (or the pressure sensitive process) play a critical role for the variation of SAr/N»

in ice cores. The SAr/N28A#N2 minima in the firn ranges from -14 %o to -48-83 %o depending

on the temperatures and accumulation rates. The most depleted 8Ar/N> with a temperature of -

35-30 °C and accumulation rate of 0.25 m ice yr in Fig. 11c capture in-Fig—1leresembles-the
highly depleted observation-based estimates of Ar/N,-a-65-m_in NGRIP ice core (Fig. 6e8e).

As the normal bubbles process alone does not produce such depleted values in the firnhave-enby

Himited-depletions-en-8ArN-with-depth (Fig. $1alla), the observed_ -highly-depleted 8Ar/N2
(Fig. 6e8e) is an evidence for the involvement of the microbubble-permeation_process (or

pressure sensitive process)-precess. The total Ar/N2 at the bubble eleseeffclose-off depth

increases to less depleted values from the minimum_owing to the rapid inclusion of the ambient

air -(-0-6-%o-to—-4-%o0=Fig. 11e11c).

The calculated dependencies of the SAr/N; variations on the temperature (0.£3-24 %o
°C! for an accumulation rate of 0.25 m ice yr?) and accumulation rate (-0.93-05 %o (0.01 m
ice yr)? at -30 °C) with a-the 2-2 % microbubble contribution_(Table 3) is lower than that of
the observed ones in GISP2 ice cores (0.72 + 0.1 %o °C and -0.58 £ 0.09 %o (0.01 m ice yr
1), respectively. Considering the—a possibility of larger volume contributions ef—the

microbubbleson the pressure sensitive process—in—GISRP2, we calculated the microbubble

permeation model with the-microbubbles volume contributions from 0.3 % to ef2%-and-3 %
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to the total air. The 3 % microbubble contribution induces more depletion in the total SAr/N2
(Fig. #3d11d). Also, the dependencies of SAr/N2 on temperatures and accumulation rates
linearly increase to 0.38 %o °C* with an accumulation rate of 0.25 mice yr, and -0.11 %o (0.01
m ice yrt)* with a temperature at -30 °C, respectively. The fact that they are still lower than

those of the observations, may—indicates the involvements of even—larger air velume

contributionscontents from-as the-microbubbles and/andor/er normal bubbles influenced by the

additional-amplifying-processespressure sensitive process. This is plausible considering the

inhomogeneity of firn (H6rhold et al., 2012) and resultant differential pressurization of bubbles.

An evidence for the larger air involvement in the pressure sensitive process is- the

significantly positive correlation between 3Ar/N, and air contents over the past 6000 years in

GIPS2 (Fig. 1). This correlation indicates that the bubble air was squeezed out before close-off

resulting in smaller air contents when overloading pressure was higher, eventually inducing

higher pressure in the bubbles and so enhanced 3Ar/N. depletions. This observation is also

consistent with recent findings that abrupt increases of accumulation rate at abrupt warming

during the last glacial period induced reductions in air contents (Eicher et al., Climate of the

Past, submitted, 2015). In addition, artificial sintering of snow with higher pressure has been

shown to contain much smaller air content than ice cores owing to the lack of time to develop

spherical cavities by vapour transport (B. Stauffer, pers. comm., 2015). These lines of evidence

indicate that higher overloading pressure at the lock-in-zone have impacts on normal as well as

microbubbles. The inclusion of this process in the model is beyond the scope of the current

paper, and we leave it for future studies.

We also investigated the observed lags of the SAr/N variations in GISP2 from the
changes in the surface temperatures and accumulation rates by 68 and 38 years, respectively

(Fig. 35). Presumably, the lags are introduced during the process of transferring surface

31

(WXLEE: J+> : Symbol
(WREE: T
(W=REE: 74>~  Synbol
(mz@|: T




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

temperature and accumulation rate signals into overloading pressure at the bubble
closeoffclose-off depths. Therefore, two transient simulations were conducted using a firn
densification and heat diffusion model (Goujon et al., 2003). First, the model was run with a
constant temperature (-30 °C) and accumulation rate (0.2 m ice yr™) over thousands of years to
reach an equilibrium state. Then, surface temperature and accumulation rate anomalies of -
35 °C and 0.26 m ice yr* for 20 years were introduced, separately (Fig. £2al12a). The surface
anomalies of the temperature and accumulation rate were set to induce similar 3Ar/N2 changes
by 3.5 %o from the relationship obtained by the multiple linear regressions on the SAr/N2 of

GISP2.

We found thatFhen;-it-is-found-that the surface temperature anomaly takes 20 years to<
reach the minimum temperature at the bubble eleseeficlose-off depth (Fig. +2b12b). The
cooling induces maximum firn thickening after 56 years. The accumulation rate anomaly also
induces firn thickening with an 11-year lag (Fig. £2e¢12c). Overloading pressures at the bubble
eloseoffclose-off depth reach similar maximum values with 85- and 21-year lags from the
surface temperature and accumulation rate anomalies, respectively (Fig. £2d12d). Apparently,
the surface temperature anomaly takes longer-time to reach the maximum increase in the
overloading pressure than that of the accumulation rate anomaly, which is consistent with the

observation (68 and 38 years, respectively). The accumulation rate anomaly is almost

instantaneously but increasingly felt by the bubble close-off depth through overloading pressure,

compared to the temperature anomaly that takes decades to reach the bubble close-off depth. In

addition, we note that similar magnitudes of the overloading pressure anomalies were induced
by the temperature and accumulation rate anomalies (Fig. £2d12d). Therefore, we conclude that
the overloading pressure is the carriers of the surface temperature and accumulation rate signals,

linking the 3Ar/N> variations through the permeation.
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76_Discussions

The processes responsible for the 3Ar/N: variations should also play similar roles on
the variations of 802/N2in ice cores but with larger magnitudes owing to the larger permeability
of oxygen (Bender et al., 1995;Huber et al., 2006;Severinghaus and Battle, 2006;Battle et al.,
2011). In earlier studies, causes of the 802/N; variation were attributed on the metamorphisms
of surface snow induced by local insolation changes (Bender, 2002;Kawamura et al., 2007).
The altered snow properties remain until the snow reaches the bubble eloseoffclose-off depth
and affects the preferential oxygen loss (Bender, 2002). Fhis-Our stueh-work demonstrated
demonstrates that the permeation processes in the firn can be induced by changes in the surface
temperature and the accumulation rate through the changes in overloading pressure, indicating
a possibility that the 5602/N2 variations in the orbital scale are also a result of the surface
temperature and accumulation rate changes. It is noted that 8Ar/N2 in GISP2 also shows a
significant positive correlation (r = 0.3738, p =< 0.001 after linear detrending) with the air
content (Kobashi et al., 2008b) over the past 6000 years, indicating a similar link between

802/N2 and air content in the orbital time scale (Raynaud et al., 2007;Lipenkov et al., 2011).

SummitorNGRIP-sitetime scale we considered in this study is different from the orbital scale

variation, other mechanisms may play a roles in controlling the 302/N. variations in ice cores.

However, the mechanisms discussed here must be considered in future studies.

Although the gas permeation from ice is generally believed to be a mass independent
process (no effects on isotopes), there are-is some evidences of isotopic fractionation (Bender
et al., 1995;Severinghaus et al., 2003;Severinghaus and Battle, 2006;Kobashi et al.,
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2008b;Severinghaus et al., 2009;Battle et al., 2011). Especiathyln particular, poor quality ice
cores often exhibit isotope fractionation (e.g, 5*0 and §*°Ar) with highly depleted 502/N; or
S8Ar/N, (Bender et al., 1995;Severinghaus et al., 2009). This mass dependent fractionation is
explained by the existence of micro-cracks in poor quality ice samples that permit a relatively
large air flow. On the other hand, slowly occurring gas permeations through ice crystals in good

quality ice cores (e.g, NGRIP-and, GISP2, and Dome Fuji) appear to have small or non-existent

effects no-effects-on isotopes-or-very-smakl (Kobashi et al., 2008b;Suwa and Bender, 2008b).
As small mass dependent fractionation of §°N and 5*°Ar during the gas permeation-loss are
similar to the gravitational fractionation (Kobashi et al., 2008b), the removal of the gravitational
components also cancels the post-coring isotopic fractionation. As a result, the estimated

temperature gradients in the firn are little affected by the gas loss (Kobashi et al., 2008b).

Another evidence—sign ofef—the isotopic fractionation during the gas loss is &*°Ar
enrichments in ice cores, which produces calculated temperature gradients in the firn to be
lower than expected from firn modeling (Kobashi et al., 2010;Kobashi et al., 2011;Kobashi et
al., Submitted2015). The systematically higher 5*°Ar is believed to be caused by the-processes
during the bubble eleseeffclose-off, but so far no clear evidence is-has been found in the-firn
air studies (Huber et al., 2006;Severinghaus and Battle, 2006) except 8180 of O, (Battle et al.,
2011). If the enrichment of 8*°Ar occurs in the firn, it should be correlated with SAr/N,.
Therefore, the corrections for the 5°Ar enrichment have been applied using SAr/N, (Kobashi
etal., 2010;Kobashi et al., 2011;Kobashi et al., Submitted2015) or Kr/Ar (Severinghaus et al.,
2003)), or-i+-was-corrected-by a constant value (Orsi, 2013;Kobashi et al., Submitted2015),-).

All these methods of correction neting—that—beth—corrections—generate similar surface

temperature histories (Kobashi et al., 2010;Kobashi et al., Submitted2015). Another possible

causes for the systematic offset are related to the standardizations to the atmosphere (in this
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case both nitrogen and argon isotopes can be affected.), or methodological differences during
the extraction from ice samples (Kobashi et al., 2008b). In these cases, a constant shift should

be a better solution.

Some uncertainties remain regarding the bubble air pressures for the modelling of post

coring fractionation. First, Lipenkov (2000) reported that bubble air pressure increases toward

deeper depth through the increase of ice loads, which should have induced a decrease in Ar/N2

toward deeper depth. However, the SAr/N data do not exhibit any trends with depth (Fig. 7),

indicating that some other processes (e.q, changes in bubble diameters, S/V, and relaxation of

ice after coring especially at depth deeper than 300 m (Gow and Williamson, 1975)) may have

cancelled the depth effect. At even deeper depths where the bubbles exist as clathrate, the

pressure between ice and clathrate boundaries can be estimated from the dissociation pressures

of clathrates, and it should be independent of depth (Ikeda-Fukazawa et al., 2005). In the future

studies, it would be necessary to consider changes in each parameters in ice cores and

investigate post-coring fractionation. Second, we identified that overloading pressure at the

bubble close-off depth plays an important role in the post bubble close-off fractionation in the

firn. These pressure anomalies should also remain in ice cores, and play some roles for the post

coring fractionation. For example, the relationship of SAr/N2 with temperatures and accumulate

(B=EE: 4ot

Symbol

rates in GISP2 may have overestimated by the imprints of differential post coring fractionations

owing to the different bubble pressures induced by temperatures and accumulation rates at the

time of the bubble close-off. Of course, the imprints of the post-coring fractionation increase if

the duration of storage is longer at warmer temperatures, emphasizing the need for colder

storage temperatures and the timing of measurements to recover the original signals.

For future studies on 8Ar/N2 or 802/N> in ice cores, the following suggestions should

be taken into account. First, the solubility and diffusivity of argon, oxygen, and nitrogen in ice
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are not well constrained (Salamatin et al., 2001;lkeda-Fukazawa et al., 2005;Bereiter et al.,
2014). As precise dAr/Nz or 302/N2 data from various ice cores are building up, the reanalyses
from these cores could provide stronger constraints on the permeability. Second, although
SAr/Nz is less susceptible to the post coring gas loss than 502/N2, we have shown that-the ice
core preservation is critical to retrieve the original 3Ar/N: signals. To preserve original signals,
ice cores need to be stored in low temperatures (ideally < -50 °C) (lkeda-Fukazawa et al.,
2005;Bereiter et al., 2009;Landais et al., 2012), and/or to be analysed soon after the coring.
Third, we also found that the use of a-large-ameunt-ef ice samples (600-700 g) for each analysis
reduced the noises in 802/N2 and SAr/N2 substantially (Headly, 2008), compared to the data
from smaller samples in GISP2 (Suwa and Bender, 2008b). This observation emphasizes the
importance of samples sizes. Fourth, observations on the bubbles in the firn and ice cores,
especially on the microbubbles (e.g., numbers, volume contributions, pressure, and gas

composition) are lacking, which are critical for further advances in understanding of the

permeation in the firn_and ice cores. Fifth, we have shown that §Ar/N, could be estimated from (®=ZE: 74>+ : Symbol
(WRXEE: Ff=
local temperatures and accumulation rates. Therefore, combined with nitrogen and argon
isotopes, it may be possible to retrieve the information of past temperatures and accumulation
rates from SAr/Ny in ice cores. Finally, the high resolution analyses (10-20 years) provided key (#REHE: 71>+ : Symbol
(®EH: F=
observations for the effects of the accumulation rates and temperatures on the permeation,
which warrants further similar studies along with surface temperature reconstructions.
87 Conclusions
Gas fractionation after the-bubble eleseeffclose-off in the firn_is complex and associated« (BREHE: A>T F - BHOOF : 125m

are-poorhy-understoed processes_are poorly understood, especially in-the-time-demain-(i.e—in
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ice cores). In this study, we investigated the gas permeation processes in the firn and ice cores
using high resolution 3Ar/N2 data from GISP2, ard-NGRIP, and Dome Fuji ice cores for the
Heleecenepast few millennia. We found that 3Ar/N2 on the gas-age in the GISP2 ice core is

significantly negatively correlated with the accumulation rate and positively with air contents

over the past 6000 years. Further, the precise surface temperatures (Kobashi et al., 2011) and
accumulation rates (Alley et al., 1997;Cuffey and Clow, 1997) over the past 4000 years from
the GISP2 ice core have nearly equal controls on the Ar/N> variations over the past 4000 years
with the sensitivities of 0.72 (%o °C™) and -0.58 (%o (0.01 m ice yr)?1). To understand the
processes of the SAr/N; fractionation, we applied a permeation model (Ikeda-Fukazawa et al.,

2005)-, in which air in the bubbles leak out by melecutarsteric diffusion through ice crystals,

driven by the pressure gradients between the bubbles and the atmosphere.

The permeation model in the firn was applied considering two processestypes ef-on the

bubbles, “pressure sensitive process micrebubbles(e.q., microbubbles)” and “normal bubbles

process”. Microbubbles{0-3-%-of aicontent-inthe-Vostekice-cores) are believed to form near

the surface. Therefore, by the time when the microbubbles reach the bubble elesesffclose-off
depth, they develop pressures as high as overloading ice pressure that are strongly associated

with the-changes in the accumulation rates_at surface. Several evidences indicate that the

pressure sensitive process occur on a larger air fraction than that only from the microbubbles.

On the other hand, the normal bubbles develop slightly higher pressures than that of the

atmosphere at the bubble eloseoffclose-off depth indueced-by-density-inereasessuch that the

permeation in the firn is limited (> -0.5 %o). The model also indicates that §Ar/N2 of the

microbubbles is negatively correlated with the-changes in accumulation rates through increases

in the overloading pressures, although it underestimates the magnitude observed in GISP2 ice

core. Therefore, the observed negative correlation-of 0Ar/N;-and-accumulation rate-can be
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Colder-(warmer) temperatures are found to induce more—(less} depletions in 8Ar/N2_through

higher overloading pressure (thicker firn) and longer exposure time to the permeation, which

explains a larger depletion in Dome Fuji ice core.- Further understanding of the gas permeation

processes in the firn may lead to a new tool to estimate the past accumulation rates and/or

surface temperatures;-.and-i
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Table 1. Environmental parameters for GISP2, NGRIP and Dome Fuji. Temperatures for GISP2

and NGRIP are averages over the past 2100 years (Kobashi et al., 2015). Accumulation rates

(Alley et al., 1997; Cuffey and Clow, 1997; Gkinis et al., 2014) for GISP2 and NGRIP are

averages for the past 2100 years, and accumulation rate variations are calculated as standard

deviations of accumulation rates in 21-year RMs. Annual average temperature and

accumulation rate for Dome Fuji are from Watanabe et al. (2003).

Average Accumulatio  Accumulation
Altitude
Latitude Longitude temperature n rate rate variation <
m a.s.l. .
0 (m ice/yr) (m ice/yr)
GISP2 72.59 °N 38.46 °W 3203 -31.0 0.24 0.013
NGRIP 75.1 °N 42.32 °W 3230 -31.5 0.19 0.008
Dome
77.32°S 39.67 °E 3810 -54.3 0.03 N/A
Fuji
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Table 2.1 Estimated post-coring fractionation on 8Ar/N2. The original values are averages over

the past 2100 years for GISP2 and Dome Fuji. NGRIP shallow and deep are averages of the

corresponding depths defined in the text.

Period 1 Period 2 SAT/Na (%) < (mogRZE
Duration Temp. Duration Temp. Est. post- Observation Est. Average
(vears) @ (years) @ coring n values before
depletion ice cores coring
GISP2 2 -29 12 -36 1.5£0.6 -3.9+0.2 -2.4+0.6
NGRIP 12 -24 2 -30 3.0+£1.2 -6.3+0.1 -3.3+1.2
shallow
NGRIP 14 -30 - - 2.5+1.0 -5.9+0.2 -3.4+1.0
deep
Dome 0.2 -25 18 -50 1.5+0.7 -7.8+0.3 -6.3+0.8
Fuji

Table 2.2 knoXn2 and karXar (m-st-mol-molice-MPa™) in various temperatures. See also Figure (W2LE: TH=
2.
-24°C -25°C -29°C -30°C -36 °C 50°C [ ROBREE
kno Xz 7.54x1018  7.33x1018  6.54x1078  6.36x1018  5.31x1078  3.37x1078
karXar
2.78x10717  2.69x1017  2.34x1017  2.26x1017  1.82x1077  1.05x10-17
(ArD
karXar
2.27x1077  2.19x1017  1.91x1017  1.84x1017  1.49x1017  8.71x1078
Ar Ti)
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Table 3. Modelled and observed 5Ar/N, in various conditions with microbubble contribution

of 2 %. In the first left column, T: indicates temperature (°C) and A: indicates accumulation

rate (m ice/year). Duration is the time, for which bubbles experience from the depth of 20 %

bubble-closure to the depth of complete bubble close-off. Average pressure is the average

overloading pressure between the depths of the 20 % bubble-closure and complete bubble close-

off. The average depth is the middle depth between the 20 % bubble-closure and complete

bubble close-off. Depth width is the depth range from 20 % to 100 % bubble closed.

Microbubbles, normal bubbles, and total SAr/N> are the values after all the bubbles are closed

(i.e., in ice cores). Observed 8Ar/N: is the values corrected for the post-coring fractionation in

Table 2.
11
Surface condition. Model Obser. “aae [ ROFXEER
Micro Normal
Temp. Accm. Duration Ave. Avg. m Bubb - Bubb. M SArIN2
©C) ~(m or) ress. depth width SAIN:  SAN bAar/Nz (o)
ice/yr.) MPa (m) (m) (o) (%0) (%o0)
GISP2 -31 0.24 31 0.54 72.8 8.7 133.2 31 2.74 i;
33+
NGRIP -315 0.19 36 0.50 68.0 8.3 120.8 0.34 2.56 12
Dome 63+
Fuii 54.3 0.03 274 0.62 89.6 10.3 599.8 0.43 6.43 08
T:-25
A0.2 25 02 27 0.42 54.4 65 418 -033  -113 -
T:-25
A 0.25 -25 0.25 23 0.45 59.1 6.9 -60.6 0.30 1.45 -
T.-25
A 03 -25 0.3 21 048 634 75 -74.4 0.28 1.68 -
X—_OS(; -30 0.2 33 0.49 65.4 8.0 103.3 0.33 2.25 -
T:-30
A 0.25 -30 0.25 29 0.53 713 8.8 121.7 0.30 2.54 -
T:-30
A 0.3 -30 0.3 27 0.56 76.6 9.8 135.4 0.27 2.75 -
T:-35
A 0.2 -35 0.2 40 0.58 795 9.8 184.2 33 58 -
T:-35
A0.25 -35 0.25 36 0.63 86.9 10.9 203.0 0.30 3.83 -
T:-35
A 03 -35 0.3 34 0.67 935 124 216.6 27 01 =
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Figure Captions

Figure 1. 8Ar/N2 vs. accumulation rates or air contents in GISP2 over the past 6000 years. Note

that SAr/N2 is corrected values for the post coring fractionation (1.5%0 added). A spline with a

21-year cut off period (blue line) was applied to the Ar/N2 data. Two o error bounds are shown,

which were estimated by 1000 times of Monte Carlo simulation. Accumulation rates (m ice yr

1) (black line) were filtered by 21-year RMs. Note that the y-axis for the accumulation rate is

reversed. SAr/N» vs. accumulation rates are significantly negatively correlated over the past

6000 years (r = -0.35, p = 0.03). 8Ar/N2 and air contents are significantly positively correlated

over the past 6000 years (r = 0.38, p < 0.001 after linear detrending). A slight shift of the air

contents around 3700 B.P. is probably due to the analytical changes that occurred between two

different periods of measurements (Kobashi et al., 2008b). The correlations between SAr/N2

and air contents before and after 3700 B.P. are similar and significant (r = 0.30, p = 0.002 and

r =0.26, p = 0.008, respectively). Therefore, the SAr/N variation can explain 7 to 14 % of the

total variance of the air contents.

Figure 2. km-Xm for oxygen, argon, and nitrogen for different temperatures. Ar (1) and Ar (11)

were calculated from Egs. (4) - (5) and (6), respectively (see text).

Figure 3. Comparison of 3Ar/N> for shallow GISP2 cores (124- 214 m) measured in different

periods. Colour data points (yellow triangles, orange squares, and grey diamonds) are individual

data from Bender et al. (1995), and black data points with error bounds are from Kobashi et al.

(2008h). We did not use shallower data of Bender et al. (1995) as they exhibit depletions similar
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to our shallow NGIRP data (Fig. 8), and also an anomalous value (-16.91 %o at 145.4m) in the

Bender dataset was excluded. Squares, diamonds, and triangles represent the data measured

after one week, three months, and seven months of coring, respectively (Bender et al., 1995).

The average difference between the Kobashi and Bender datasets is -1.51 + 0.58 %o, which we

interpret as the post coring fractionation for GISP2.

I=h

Figure 24. 8N, 6*°Ar/4, and 8Ar/N, from the-GISP2 ice core over the Holocene (Kobashi et

al., 2008b). The grey area-arrow indicates the brittle zone (Gow et al., 1997).

Figure 35. The-eObserved, ard-modeled dAr/N.-, surface temperatures, and accumulation rates

from the-GISP2 ice core over the past 4000 years;-compared-with-the-surface-temperature-and

aceumulationrate. Note that the observed SAr/N, is corrected for the post coring fractionation

(WMXLEE: J+> : Symbol

(1.5%0 added). (a) 8Ar/N2 and the-surface temperatures (Kobashi et al., 2011). Ages of the

temperatures were adjusted for the lag (68 years). (b) 8Ar/N2 and the-accumulation rates in 21-

year RMs (Alley et al., 1997;Cuffey and Clow, 1997). Ages of the accumulation rates were

adjusted for the lag (38 years) (c) Observed and modeled 8Ar/N2 from the-multiple linear

regression (see text). (ed) Observed and modeled 3Ar/N> of the-multiple linear regression using

5'80ice as a temperature proxy (see text). Error-bounds-arete-
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Figure 6. Observed and modeled Ar/N2 over the Holocene, and decomposition of Ar/N; into

the effects of accumulation rates and temperatures. Note that the observed 8Ar/N2 is corrected

values for the post coring fractionation (1.5%o added). (a) Observed and modelled Ar/N2. (b)

Decomposition of Ar/Nz into the effects of temperatures and accumulation rates using multiple

linear regression (see text).

Figure 7. Surface temperatures, accumulation rates, 5*°N, 8Ar/N, for GISP2, NGRIP, and

Dome Fuji over the past 2100 years. (a) Surface temperatures for GISP2 (black) and NGRIP

(blue) (Kobashi et al., 2015). (b) Accumulation rates in 21-year RMs for GISP2 (black: Alley

(D Y N

etal., 1997; Cuffey and Clow, 1997) and NGRIP (blue: Gkinis et al., 2014). (c) Raw §*°N and (&R%®E: I+>+ : Symbol
(w=Fm: te=

spline for NGRIP and GISP2 (Kobashi et al., 2010, 2015). (d-f) SAr/N and the values corrected (@=XFEH: J+>F : Symbol
(mXz®|: T

for the post-coring fractionation for GISP2, NGRIP, and Dome Fuji. Blue and black lines are

the raw and corrected values for the post coring fractionations, respectively. A red point with

error bounds (2c) indicates estimated SAr/N2 for Dome Fuji using Eq. (7). (®=K&®E: I+ >+ : Symbol
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Figure 68. 3°N, 5%°Ar/4, and SAr/N; in the NGRIP ice core from shallower depths (60-100 m).
(@) 8™N, (b) 5*°Ar/4, (c) SAr/N2, (d) estimated original air fractions, () estimated original
SAr/N2. The estimated original air fractions relative to the value at 75.6 m was calculated with
a mass balance calculation, assuming that *°N in the lock-in zone is constant with the value of
0.289 %o at 75.6 m and 8'°N of the ambient air is 0.0 %o. From the calculated original air fraction,
the original 3Ar/N, were estimated again by the mass balance calculation, assuming that the
ambient SAr/Nz is 0.0 %o. Green shaded area indicates the lock-in zone. Black Bdotted lines in

815N, 8*Ar, and estimated original air fraction are the values at 75.6 m_(red dotted line) -Error

Figure 89. Simulated 5Ar/N2 vs. depth relationship in the microbubbles with a a-temperature of
-30-31 °C, accumulation rate of 0.25-24 m ice yr, and microbubble contribution of -2 %. (a)

Density and eper-closed pereporosity (sc). (b) Ar/N2 and 302/N2. (c) Air content-eharge and

air pressure in the microbubbles. (d) Nitrogen and argon concentrations.

Figure 910. Traces of sThe-simulated 3Ar/N>-changes changes in-for each annual layers-with

depth for the normal bubbles. The model calculates bubble generation for each annual layer,

gas permeation into open air, and finally trapping into ice (see text). The model is calculated

assuming an equilibrium state with a temperature of -36-31 °C and accumulation rate of 0.25

24 mice yr't, and microbubble contribution of 2 % (same as for Fig. 9).ane-parameters{volumes
52
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and-C))for-the-calewtation- (a) Changes in the volumes of the normal bubbles for each annual
layer in-annual-tayersinduced by density changes with depth. Fhreecireles-show-decreasing
trapped-air-volumes-with-depth{see-text). (b) Nitrogen concentrations as in (a). (c) Argon

concentrations as in (a). (d) 3Ar/Nz as in (a). (e) AAir contents with depth, 8Ar/N, and C(1) for

the bulk normal bubbles (sum of the values in annual layers for each depth) for the normal

bubbles. Different colours (a to d) indicate values for each annual layer, showing how the

bubbles that generated in different annual layers evolve with time.

Figure £111. The simulated 3Ar/N2 fractionation with depth in the firn for the normal and

microbubbles with different temperatures and accumulation rates. Microbubble contribution
was set to -2 % except the panel (d). See also Table 3. (a) 3Ar/N2 changes in the normal bubbles.
(b) 3Ar/N2 changes in the microbubbles. (c) Total 3Ar/N2 changes-ir-aH-the-bubbles (changes
in the sum of the micro- and normal bubbles).-Setting-for-the-temperatures-and-accumulation

rates—were—defined—in—the—panel(a)- (d) Total S3Ar/N, changes as in (c), but with
differentinfluences-of-variable microbubble velumes-contributions (4-0.3 to 3 %)-te-the-total

SAF/N2 with a temperature of -30 °C and accumulation rate of 0.25 m ice yr™.
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Figure £212. Two model experiments for the effects of surface temperatures and accumulation
rates on the overloading pressure at the bubble close-off depth. (a) Input data for the
Aaccumulation rates (0.220 m ice yr?) and surface temperatures (-30 °C) with 20-year

anomalies_(+0.06 m yr'* and -5 °C) for the medel-year 1000-981 B.P., respectively. When one

input was used for an experiment, the other was set constant. Zero in the panel (a) indicates the
central year (model year 990 B.P.) of the anomalies. (b) Temperature-changess at the bubble
closeoffclose-off depth. (c) Changes-in-the-fFirn thickness. (d) Overloading pressures at the
bubble eloseoffclose-off depth. The orange line is the accumulation rate experiment, and the
blue line is the temperature experiment. Numbers on peaks in (b)-(d) are lags in years from the

central year of the initial anomalies in the panel (a).
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