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Abstract. A previously unrecognized type of gas fractiona- 1 Introduction
tion occurs in firn air columns subjected to intense convec-

tion. It is a form of kinetic fractionation that depends on the . . . . .
Trapped air in polar ice cores provides a unique archive

fact that different gases have different molecular diffusivi- _ o . .
of past atmospheric composition, and permits comparison

ties. Convective mixing continually disturbs diffusive equi- ¢ th burd ¢ h d ated cli
librium, and gases diffuse back toward diffusive equilibrium ©' the past burden of greenhouse gases and assoclated cli-
matic variations. Interpreting the gas records requires under-

under the influence of gravity and thermal gradients. In near-

surface firn where convection and diffusion compete as ga§tand'ng the processes that modify the gas composition in

transport mechanisms, slow-diffusing gases such as kryptoH1e ~100-m-thick permeable firnllayer on top. C?f polar ice. )
(Kr) and xenon (Xe) are more heavily impacted by ConVec_sheets, because the gas trapped in bubbles originates as air in

tion than fast diffusing gases such as nitrogen)(ahd ar- the base of the firn (Schwander, 1989). These processes in-

gon (Ar), and the signals are preserved in deep firn and ic glude gravitational fractionation of heavy isotopes and gases,

We show a simple theory that predicts this kinetic effect, due to settiing of the h_eav]er components un.der the mflu-
and the theory is confirmed by observations using a nele_ence of molecular diffusion in the stagnant portion of the firn

developed Kr and Xe stable isotope system in air SampleéSchwander etal., 1989; Sowers et al., 1989). A second diffu-

from the Megadunes field site on the East Antarctic plateau.s'ive process is thermal fractionation, in which gases separate

Numerical simulations confirm the effect’'s magnitude at thisdu_e t?\ temper?tulrg ggglc_iients in tlhelzgslg.niint;ir. colur?nz(ggd\r/.-
site. A main purpose of this work is to support the devel- eringhaus etal,, S, Lang etal, ), Langals etal, A
opment of a proxy indicator of past convection in firn, for Grachev and Severinghaus, 2005). This portion of the firn is

use in ice-core gas records. To this aim, we also show witmnﬁwn ats;]the df'ffus"ﬁco"_‘m” (Stovxiers et ?I" 1392)'
the simulations that the magnitude of the kinetic effect is ear the surface, the air 1S not staghant and 1S convec-

fairly insensitive to the exact profile of convective strength, if t|ve(ij m|xed,. QUe fpnmqnly o f.Iow c}n\r/]en pydloc_a LpresTlure
the overall thickness of the convective zone is kept constantd"@ lents arising from Interaction of the win ,,W.'t sma .to—”
ographic irregularities, a process known as “windpumping

These results suggest that it may be feasible to test for th i ,
existence of an extremely deep30—40 m) convective zone, Cplbeck, 198.9’ Clarke and Waddmg'gon, 1991). Buoyancy-
driven convection may also occur in winter, when dense cold

which has been hypothesized for glacial maxima, by future™, - - .
vp g y air overlies the warmer firn (Powers et al., 1985; Severing-

ice-core measurements. ) ! o
haus et al., 2001). Using measured firn permeability from the
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11142 K. Kawamura et al.: Kinetic fractionation of gases in firn

Megadunes site, analysis of Albert et al. (2004) showed thaties. In essence, convective mixing continually disturbs dif-
natural convection is not only possible but is likely to occur fusive equilibrium, and gases diffuse back toward equilib-
there. This convective mixing reduces gravitational and ther+ium. Heavy gases and isotopes tend to diffuse more slowly
mal gas isotope fractionation, and tends to homogenize théhan other gases, leading to their steady-state depletion in
gases with the free atmosphere. The layer in which isotopéhe firn interior relative to fast-diffusing gases. In a regime
fractionation is inhibited is known as the “convective zone” where convection and diffusion compete strongly as trans-
(Sowers et al., 1992). In recent firn-air transport models, theport mechanisms, slow-diffusing gases are more heavily im-
convective zone is commonly formulated as eddy diffusionpacted by convection. In other words, the convective zone
with different ways to parameterize the eddy diffusivity pro- is thicker for slow-diffusing gases such as Xe than for fast-
files (Kawamura et al., 2006; Buizert et al., 2012). The thick- diffusing gases such asN
ness of this convective zone varies from nearly zero to 23 m In the present work we show that a simple theory pre-
at those sites in modern firn that have been studied by with4dicts this kinetic effect from first principles, and that the the-
drawing a depth profile of air samples from the firn and ana-ory is confirmed by observations of heavy noble gas iso-
lyzing the gas composition (Schwander et al., 1993; Bendetopes from the Megadunes site sampled in the 2004 field
et al., 1994a; Battle et al., 1996; Severinghaus et al., 2001campaign reported by Severinghaus et al. (2010). We have
2010; Kawamura et al., 2006). Past variations in the thick-developed a novel isotopic system for this purpose, high-
ness of the convective zone remain enigmatic and poorly unprecision®®Kr/82Kr and 136Xe/12%e ratios. Numerical sim-
derstood, motivating the present study. ulations confirm the effect’s magnitude in the field with a

A search for a modern example of deep convection inmore realistic mixing and gas transport parameterization than
firn was undertaken in an attempt to understand observais possible from simple theory. The main reasons why this
tions of lower-than-expectet}°N values in ice core trapped type of fractionation has been unrecognized despite being
air records for glacial periods from Antarctic sites such asimplicit in an existing firn gas transport model (Severinghaus
Vostok (Sowers et al., 1992; Caillon et al., 2003; Bender etet al., 2010) would be that (1) gas fractionation and convec-
al., 2006) and Dome Fuji (Kawamura, 2000; Landais et al..tion have been considered mostly using nitrogen and argon
2006). Deep convection is one hypothesis to explain the low(having similar molecular diffusivities), (2) that there have
815N the alternative hypothesis is that past firn thickness ancbeen no techniques to precisely measure Kr and Xe isotopes,
hence gas age-ice age differences are overestimated, witlind (3) that most firn columns have too small a convective
implications for the relative timing of atmospheric €®- zone to validate the theory.
creases and temperature increases at the ends of glacial peri-The ultimate aim of this work is to support the develop-
ods (Bender et al., 2006; Parrenin et al., 2012, 2013). Regardnent of a proxy indicator of past convection in firn, for use
ing the latter, high impurity content of firn has recently beenin ice-core gas records. This indicator exploits the kinetic ef-
suggested to make the densification faster in glacial periodéect on the isotopes of Xe and Kr, which diffuse more slowly
(Horhold et al., 2012), but evidence is sparse and controverthan Ar and N.
sial (Capron et al., 2013).

An obvious candidate for deep convection is the ) o ) )
Megadunes site on the East Antarctic plateau (80.77814 2 Simple theory of kinetic fractionation
124.488 E; Fahnestock et al., 2000; Severinghaus et al., . . : : L . .
2010), located southeast of Vostok station, where near-zer(g( '.”et.'c fractionation by cqnvectlon 'S pred!cted from flrs_t
snow accumulation rate occurs on the lee slopes of Iargep“nc'ples' Ga_s transport in a porous med_|um.such as f|rn

may be described by the 1-dimensional diffusion equation

scale snow antidunes in a strong katabatic wind regime . o . .
(Courville et al., 2007). Low accumulation rate is expected (e.0. Schwander et al., 1993) with an additional “eddy diffu-

L - ) sion” term to represent the effect of convective mixing (Sev-
to enhance permeability and thus air flow through firn, due” : i 2
S . eringhaus et al., 2001, 2010; Kawamura et al., 2006; Buizert
to large grain size resulting from extended exposure to sea- o )
. . etal., 2012; Witrant et al., 2012):
sonal temperature fluctuations and extreme firn metamor-
phism (Albert et al., 2004; Severinghaus et al., 2010). Sev- 3§ 9 D T D a6
eringhaus et al. (2010) demonstrated conclusively that deepy; ~ 5, [*~ ™ @ T.p) 32 3.9t eddy(2) 9z
convection does indeed occur at the Megadunes field site, us- 98
ing a suite of 7 halocarbon and inert gas tracers. —sw(z) P (1)
Here we show that a previously unrecognized type of gas
fractionation occurs in firn air columns subjected to intensewheres is §1°N (or § for other gas pair); is time, s is open
convection. In contrast to gravitational and thermal fraction- porosity, z is depth,p is barometric pressurd, is tempera-
ation, which are equilibrium processes, this third processure (K), w is downward velocity of air due to bubble trap-
arises from the disequilibrium caused by convective mix-ping, Dmoi is effective molecular diffusivity, andeqdy is
ing. It is a form of kinetic fractionation that depends on the eddy diffusivity to represent convective mixing. This equa-

fact that different gases have different molecular diffusivi- tion treats molecular diffusion as arising from the difference
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Schematic of kinetic fractionation
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Fig. 1. Schematic illustrating the kinetic effect described here. Depth is plotted on the vertical axis, and the deviation of isotopi¢ ratios (
from the atmospheric ratio is plotted on the horizontal axis. For clarity, the effects are exaggerated and an idealized convective zone is shown
in which mixing is constant between 10 and 40 m and the Péclet number is 1 (for the fast-diffusing gas). Below 40 m, there is no convection
and thes values exhibit the full gravitational equilibrium slope. Note that the amount of kinetic fractionafipdpes not increase in the

diffusive zone.

between the actual gradient and the equilibrium gradientscale L. Eddy diffusivity may be thought of as a velocity
(Bender et al.,, 1994a; Severinghaus et al., 2001), wheréimes a characteristic length traveled before the fluid mo-
the equilibrium gradient contains terms for gravitational andtion changes to a new (random) direction. An alternative way

thermal fractionation, and is given by: to conceptualize convective mixing, which does not require
nonsteady air motions, is advective replacement of air in the
k) Amgq aT . . . .
Py q= v A 2 firn with fresh air from the atmosphere. For example, air may
z b4

enter the snow upstream of a small dune, flow under the dune,
where Am is mass difference (0.001 kgmdl for §1°N), and exit downstream of the dune (e.g. Colbeck, 1989). Be-
¢ is gravitational acceleratiorg is the gas constant is cause of the strong horizontal layering in polar firn, with al-
(8/1000+1) ands2 is thermal diffusion sensitivity. At steady ternating high and low permeability layers, the actual flow
state, and neglecting thermal diffusion and ghierm (= 1) path would be mostly horizontal, as suggested by numerical
for simplicity, the depth profile 0§ becomes (Severinghaus Simulations (Albert, 1996) and demonstrated in field mea-

etal., 2010): surements (Albert and Shultz, 2002). In this case the Péclet
) number can be thought of as the ratio of the characteristic
Y 1 Amg molecular diffusion timez?/ Do to the advective replace-
8(z2) = / T Deagy [W} dz €) ment timeL /  of air flowing there from upstream within the
0 1+ Dol layer. In this case would be the depth in the firn of the flow-

h ddv diffusivity i ived with ; | ing air andL would be the (mostly horizontal) path length
where eddy diffusivity Is parameterized with a surface value ¢ 1o |k air motion involved in advective replacement. For

Dfodaf?d §9qle erl)qt.hi aSDe.ddy? D(I) ex? (_ZI/H)d- Th‘; rat|9 | the purposes of this paper it does not matter which process
of diffusivities in this equation is closely related to the Peclet dominates, nonsteady random air motion or steady advective

number: replacement, as they are mathematically equivalent, although
Po— uL  Deddy ) they are physically different and would not be considered the
" Dmol  Dmol same for more detailed analysis.

It is a non-dimensional number that describes the ratio of A key point is that eddy diffusivity is the same for al

. e ) gases, because of the macroscopic nature of convective mix-
convective transport to diffusive transport. Convective trans-; e ;
) . : . _— ing, but molecular diffusivities vary among gases, typically
port is typically given by a velocity of air times a length
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11144 K. Kawamura et al.: Kinetic fractionation of gases in firn

decreasing with mass. Heavier gases with lower moleculafable 1. Molecular diffusivity ratios used in this work.
diffusivities will therefore be affected more by convective
mixing and will deviate more from the equilibrium profile Gas Ratio
(Fig. 1). 36

This difference in gas behavior is a form of kinetic frac- 402: Egi;/gig; i'gggg
tionation, analogous to the familiar kinetic fractionation in 82Ky (D15 Dgo) 1'3360
. . X ) . 15/Dg2 .
irreversible gas fluxes, because it depends on differences in 84Ky (Dys/ Deg) 1.3401

molecular dlfqu|V|t|¢s. In_c_oncept, a dlsequ_lhbrlum situation 86Kr ( D15/ Dgg) 1.3442
is set up by convective mixing, and gases diffuse back toward 129 (D15/D1pg) 1.5554
equilibrium, with heavier gases diffusing more slowly. This 132¢e (D1g/D13y) 1.5586
Iead_s tq a stegdy s_tate depletion_ of heavy gases. _Thisf type 136e (D1g/D13g) 1.5628
of kinetic fractionation has much in common with diffusive

H : ; e ; Ratios are calculated from free-air binary
fractlonatlon in thg f!rn in response to recent strong increases diffusivities of the specified gas mto air
in atmospheric mixing ratios of GOand methane, which from the method of Fuller et al., as

have created disequilibrium of the firn air with the overly- reported in Reid et al. (1987).

ing atmosphere (Trudinger et al., 1997). Both are essentially

a response to disequilibrium. gases diffusing into the major gas that is present. In other
The magnitude of the kinetic fractionation can be repre-\yords, both molecular diffusivities given here are the binary
sented by the difference of fast- and slow-diffusing gas con-gifusivities of trace gases with the major gas. In the case of
centrations, normalized by the difference in relative massyjr, which is our primary interest, the major gas is a fictitious
AM (in a.m.u). For gas 1 witld; having molecular diffu-  gpecies “air” with mass of 0.029 kg mdi (see Supplemen-
sivity Dmol,, and gas 2 wittd, having molecular diffusivity  tary Information of Severinghaus et al., 2010). For practical

Dmol,, the kinetic fractionatiomy will be: reasons the natural choice for gas 2 is the gas’phit*N-
51 57 28N,, denoteds®N, because it is easily measured and has a
ek = A_Ml - A_Mz (5) relatively large diffusivity compared to most trace gases in
. air. Thus, it is convenient to consider the Péclet number as
B / 1 351 eqn 1 352 eqnd that of 15N14N-28N,, written Pe;s for brevity. The fractiona-
T ) 14 Pei(2) 9z 14 Pex(z) 0z tion in this case is therefore the fractionation of a traceygas
0 expressed as the gas paifair relative to the>N1*N-28N,
where the normalized gradient is given as: pair:
k) a8 1 4
9z ean= 9z eqm © ek = £ ! 1 9)

- dz
- _ _— RT ] 1+ Peis(z) 225 1+ Pe1s(2)
In the limit Degqy >> Dmol, there is no fractionation at all, and 0 y

it?trr]]e limit Deddyf D“?O" thek(.aquillibfrium_grad_ient holcljs for: For example, if gag is 13650 Eq. ) applies to the frac-
oth gases so there is no kinetic fractionation. Only Whenqnation of the paif36xe-2air. If it is desired to compute

D?ddy and Dm9| are roughly of the same order of mggnlt.ude the fractionation of a ratio of trace gases, for example the
will there be kinetic fractionation. As in E¢B3), some simpli- 1366129 ratio, Eq. @) is not valid. The reason for this
fication is possible by noting that the equilibrium gradient de- g o sqanially that molecular collisions between the two trace

~ 3 1 -
pends omm (YAM x 107°kg 'TOI ), and by applylig the  jases are rare, and instead the collisions are between a trace
approximation for gravitational fractionationi(& d2~1).  gag and air. Thus, the binary diffusivity &5Xe into 12%e

which is good to 10° for typical isotope pairs: is not physically relevant. Instead, the concentrations with air

z 1 1 must be separately computed, and then combined afterwards:
~ 8
k= —— - dz @) 8136-129 815
RT ) 1+ Pei(z) 1+ Pes(z e = —
, (2) (2) 186120 = o AMis

It is helpful to express the Péclet numbers in terms of thex (5135 29 — §129_29) 915

ratio of the molecular diffusivities, as that is the key physical AMize-129 AMis
parameter that causes the effect:

’

z
z 1 1 . & Am136-29 Am129-29
oz S _ dz ®) T RTJ \14 Pers(x) o255 14 Peyg(z) L2
RT ) 14 p Dmo 1+ Pe(2) 0 15{2) Dige 20 15(2) Dizg 26
5 1+ Pe2(2) 5
1 1 Amis

An important point is that this equation is valid only for trace AM136-129 T 14 Pei1s(2) 2 (10)

Atmos. Chem. Phys., 13, 111414155 2013 www.atmos-chem-phys.net/13/11141/2013/
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g Dependence of fractionation on Péclet number
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Fig. 2. Prediction of simple theory for dependence of fractionation on the Péclet number. The horizontal axis is the smaller of the two Péclet
numbers, or that of the faster-diffusing gas. Different molecular diffusivity ratios are shown in different colors, as indicated by legend. For
example, a diffusivity ratio of 0.64 would have a maximum fractionation equivalent to about 11 % of the equilibrium gradient. The values for
136Xe-28N2 are shown in the dashed black line. These calculations presuppog&tisatonstant with depth within the convective zone.

In practice, we use the diffusivity 8N into air as the dif-  the product of the two Péclet numbers is 1. The fractionation
fusivity D15 and for calculatingPe;s to better approximate falls off by factors of 2 to 4 at Péclet numbers of 0.1 to 10, re-
the real collisions th&®®N, experiences (because some of the spectively (Fig. 2). For comparison, Kawamura et al. (2006)
collisions are with @, even though most collisions are with found near-surface eddy diffusivities and Péclet numbers at
28Ny). four polar firn sites that were roughly in this range. These

For example, ifPe;s is 1 (for simplicity), z is 30m, the  results suggest that at least some fractionation will occur in
temperature is 224 K, and the molecular diffusivities are asmost naturally occurring convection regimes, even if the op-
in Table 1, Eq. 10) becomes: timum conditions Pe; x Pe; = 1) are not exactly met.

~ 82 107 100 1 1
£136-120= [<1+ D "L D5 )7 2| —0.020% (11)

136-29 D129-29

3 Experimental procedure

In other words, thé36xe-12%Xe ratio (when normalized by  Air samples were withdrawn from the Megadunes firn in Jan-
dividing é by the mass difference of 7) will be 0.02 %o less uary 2004 as part of a multi-investigator, multidisciplinary
than expected from the observ&®N. This correspondsto a field campaign to better understand the genesis of megadunes
4 m deeper convective zone for Xe isotopes than for nitrogerand their possible implications for ice core paleorecords.
isotopes. Although this is small, it is a measurable signal inDetailed air sampling procedures were explained elsewhere
practice as will be shown below. (Severinghaus et al., 2010), thus only a brief description is

Many approximations are made above including By, ( given here. Air was sampled from a borehole made with a
the assumption of arithmetic additivity efin Eq. &), and 3" Eclipse ice core drill, using an inflatable rubber packer to
the neglect of the; term in Eq. ). An exact treatment is seal the borehole. Firn air was withdrawn from the bottom of
useful for checking the validity of these approximations, andthe borehole through a I’/@ynﬂe@ tubing that penetrates
is given in Appendix A. The approximations given here ap- the packer, and filled by flushing in two-liter glass flasks for
pear to be valid at the level of 0.002%. for typical polar the inert gas measurements. In addition, a number of other
conditions (see Sect. 5.1). air samples were taken for halocarbons, Gbd methane

It is interesting to consider the behavior of the fractiona- concentrations and their isotopes (Severinghaus et al., 2010).
tion under widely varying Péclet number, as is likely to occur ~ Flasks were analyzed at Princeton University $8?N,
in Nature. It can be shown algebraically that the maximums180 of O,, §02/No, and SAr/N>, following standard pro-
fractionation occurs when the eddy diffusivity is equal to the cedures (Bender et al., 1994b, 2005), with extra integration
geometric mean of the two molecular diffusivities, or when to increase precision (Table 2). Flasks were shipped to SIO,

www.atmos-chem-phys.net/13/11141/2013/ Atmos. Chem. Phys., 13, 1114155 2013
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Table 2. Typical measurement parameters for isotopes.

Gas Sample size Resistors lon beam Integration Changeovererrdr Am 1o error/
(mLgTpair)  (10°Q)  intensity (V)  time (s) cycles (%)  (10°kgmol1) Am
29N,/28N, 2 0.3/300 4 16 128 0.003 1 0.003
40Ar/36Ar 80 0.3/100 7 16 80 0.008 4 0.002
86K r/82Kr 80 1000/1000 0.8 16 72-144 0.016 4 0.004
136xe/129%e 350 1000/1000 1 16 72-144 0.030 7 0.004
and then analyzed f@PAr/3Ar, 84Kr/36Ar, 132Xe/*5Ar, and Atmospheric samples collected in three flasks at the pier of

22NefCAr following the procedures of Severinghaus and SIO were measured with the same procedures {) before
Battle (2006) with increased sample size to 80 mI STP, getthe sample measurements, and their mean value was used for
tering time to 20 min, and homogenization time to more thanstandardizing the firn air data. The same samples were mea-
2 h. Duplicate or triplicate measurements were made for eacured § = 3) after the period of the firn air measurements
flask. Pooled standard deviations of flask replicates from thg15 days) to confirm insignificant drift of the reference gas
mean for that sampling depth wet.002 %o fors1°N and  during the period. Pooled standard deviations of flask repli-
+0.006 %o for§4°Ar. The §1°N and §4CAr data were pub- cates from the mean for that sampling depth w2016 %o
lished by Severinghaus et al. (2010). for 86Kr/82Kr and +0.028 %o for136Xe/12%Xe (one standard

A subset of the flasksu(= 23 out of 42 total) was then deviation), which are regarded as overall uncertainties of our
analyzed for isotopic ratios of Kr and X&%Kr/8Kr and ~ measurements including those arising from sampling, stor-
136xe/129e, using the same general procedures of Severage and analysis. The average value of three Megadunes sur-
inghaus and Battle (2006) with modifications. Noble gasesface samples (i.e. atmosphere) agreed with the SIO atmo-
were extracted from~350mISTP air samples as follows spheric value within uncertainty—0.014 %o for§86Kr and
(the sample size was reduced#@0 mISTP if only Kriso-  —0.010 %o fors136Xe). We report the Megadunes firn air iso-
topes were measured). An aliquot of the flask air was takertopic ratios as the deviations from the surface values to ac-
by expansion into an evacuated 178-ml glass volume, and recount for possible (although small) drift of the firn air com-
active gases in the aliquot were destroyed by an establisheposition during the flask storage fer2 yr.
gettering procedure (Severinghaus and Battle, 2006). Dual
getter ovens were employed to accommodate enough getter ) o i
sheets (56 strips of 8 5.5 mm SAES ST-101 getter sheets) 4 Numerical model of firn air profiles
for the large sample size. Typical gettering time was 60 min
at 900°C, with prior activation for 10 min, followed by #
absorption at 300C for 5min. The noble gases were then
cryogenically collected in a stainless steel dip tube immerse
in liquid He. The valve on the dip tube was then closed and

ffective molecular diffusivity found in an iterative proce-
the above procedures were repeated once more. The nob . .
. ; ure (Severinghaus et al., 2010). The advantage of this nu-
gases from the second aliquot were collected in the samé

merical approach is that it allows a more realistic represen-

;ig‘:i;ffé”?ﬁ::aﬁzl?ﬁetggnﬁr:plegtébmelfg;;n r?cr)ﬁléhantation of the actual diffusivities at the Megadunes site than
b ' pie ga would be possible with the simple theory, and allows us to

gases) was then admitted into a mass spectrometer (meg%gst the hypothesis that kinetic fractionation occurs at the
MAT 252), and dual-collector measurements were made for . X .
86,182 136+, 129 : Megadunes site. The numerical model also contains a heat
Kr/®“Kr and+**Xe/*<“Xe. Typical parameters for the mea- .

o . transport model that simulates temperature and thus thermal

surements are detailed in Table 2. The ratios were measur . .
. S . : ractionation.
against our reference gas, which is an artificial mixture of ; e . .
. R The effective molecular diffusivities were obtained in our

pure Ar, Kr, Xe and Ne with ratios similar to the atmosphere revious work (Severinghaus et al., 2010) by trial-and-error
(Severinghaus and Battle, 2006). Corrections were made fo 9 N y

: : its of the forward model, forced with known atmospheric
all data to account for small biases due to pressure 'mbalancﬁistories of CQ, methane, and halocarbons. The diffusivi-

ﬁés of CQ so derived are multiplied by the ratio of free-air

tion in Kr/Ar anq X"e/ Al I“‘atIOS (the so-called pr-es.?,,ure im- diffusivities of each gas to C{)Table 3) to derive molecular
balance correction” and “chemical slope correction”, respec-

tively, and they are typically-0.01-0.02 %o; Severinghaus et d|ffl|JS|V|It|es 91; ee}gh gas. Pressure "’?”d temper?‘ture effects on
al., 2003). molecular diffusivity are treated as in Severinghaus and Bat-

tle (2006).

To better understand the firn air data, finite-difference nu-
merical simulations based on Ed.) (are run that incorpo-

éate gravitational and thermal fractionation, with arbitrary
parameters for eddy diffusivity and empirical estimates of
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Table 3.Gas parameters used in numerical model runs. account permeability variations. At the present time we lack
sufficient knowledge of the effective bulk permeability of
Gas pair Binary Mass Thermal diffusion  the firn at the Megadunes site, due to the presence of large
molecular difference sensitivity (multi-cm diameter) vertical cracks that greatly enhance air
diffusivity* Am Q (%K™ flow (Courville et al., 2007; Severinghaus et al., 2010). Thus,
(raiotoCQ) (kgmol'!)  a b further refinement of the eddy diffusivity beyond the provi-
15N L14N/28N, 1.247 _ 8.656 1233 sional estimates given here seems at present unjustified.
40Ar/36Ar - - 26.08 3952 Thermal fractionation may contribute to the gas data
86Kr/82Kr - - 5.05 588 (Fig. 3; see Sect. 5.2 for discussion), masking part of the
136xe/12%e - - 11.07 2009 effect of convection. To compute the eddy diffusivities ac-
;ZAF-air 1.210 0.011 26.08 3952 curately, therefore, Severinghaus et al. (2010) fitted tfii
86Ar'a!r 1.238 0.007 0 and §%CAr/4 data simultaneously, which required introduc-
oo alr 0.9277 0.057 5.05 580 tion of an arbitrary temperature gradient into the model
Kr-air 0.9334 0.053 0

1360 o 0.7979 0.107 1107 2000 (gravitational settling and convective mixing alone cannot
lzgxe'a!r : ' . reproduce the magnitude of the offset between the argon
e-air 0.8017 0.100 0 . . . e
COp-air 1.0000 B N and nitrogen data, as they have similar molecular diffusivi-
ties). The eddy and molecular diffusivity profiles so found

1 binary molecular diffusivities are for a trace gas into air, not fft, and are from are given in Fig. 4, a|ong with the Péclet number§&iN.
the method of Fuller et al. as described by Reid et al. (1987). Air is treated for this

purpose as having a mass of 0.029 and an effective molecular volume equal to the In order to produce model estimates of Kr and Xe iso-
;velghted average of theg\and G, volumes. , topes, the thermal diffusion sensitivities of these pairs are

thermal diffusion sensitivity is given b =a/T — b/ T4, whereT is effective : . :
average temperature in Kelvin, needed. Prior to this work, these had never been measured in
3 Grachev and Severinghaus (2003b). air, and air coefficients are different from those in pure gases
# Grachev and Severinghaus (2003a). due to the fact that collisions in air are mostly with Bind

, O _
this work (Appendix C). O, (Grachev and Severinghaus, 2003a). For this reason, we

measured them by equilibrating air in a known temperature
The model is forced at the surface with measured tempergradient in the laboratory, following established procedures
ature from Automatic Weather Station data (Appendix B). (Grachev and Severinghaus, 2003b). Details are given in Ap-
The arbitrary eddy diffusivity is parameterized as an expo-Pendix C. The resulting values are shown in Table 3, and
nential in the top 24 m, following Kawamura et al. (2006), the following parameterizations are obtained.
with a linear taper to zero between 24 and 34 m (to avoid arl36

82 2 -1
artificial “step” at the bottom of the convection): Kr/=Kr 2= 5.05/Tk —580/(Tk) %o K
Deddy = Deddyoexp(—%) 0<z<24m 136xe/12%e @ =1107/Tk — 2000/(Tk)2 %oK
34—z As discussed above, the trace gas is run agaifi&tir,
Deddy = Deday24 10 24=z=34m so the appropriate coefficient should be tfevalue for
Deddy=0 z>34m (12)  8Kr/%ir. For simplicity, however, this value @& was not

computed; instead an approximation was made in wkich

for 86Kr/82Kr was assigned to th¥Kr/2%air run, and a value

of zero was assigned to tf8Kr/%%air run, following Sev-
erlnghaus et al. (2010). Because the temperature signals are
Small, this approximation introduced negligible error.

The arbitrary eddy diffusivity parameters are the surface

vaIueDeddyO and the scale deptH, and they are taken from

our previous work (Severinghaus et al., 2010). As pointed out

by Kawamura et al. (2006), these parameters are nonunique

different combinations of the two satisfy the deep profile

data (see below). The near-surface data (top 15m) may con-

strain the solution further, because the amplitude of the seag Results and discussion

sonal thermal fractionation pulse (Fig. 3; Severinghaus et al.,

2001) is sensitive to the value ddeqayo. However, these 5.1 Theoretical values of kinetic fractionation

near-surface data may reflect transient convective events in

the previous few months prior to sampling, rather than long-Numerical integration of the Péclet number profile (Fig. 4)

term average conditions. Thus, any particular valuéfodr allows computation of the expected kinetic fractionation at

Deddyo found by this method should be viewed as one of athe Megadunes site using the simple theory (Besnd10).

range of possible values for the long-term (multi-year) aver-In this exercise, we slightly modified the eddy diffusivity pro-

age eddy diffusivity. file of Severinghaus et al. (2010) to make it steady in time
Furthermore, the exponential form of the eddy diffusivity (H and Deqayo are 11.5m and 1.& 10-*m?s1, respec-

is likely to be incorrect (Severinghaus et al., 2010), and atively). The value obtained for the xenon-nitrogen fraction-

more accurate form of the eddy diffusivity would take into ation (e136-129) is —0.013 %o. In other words, the expected
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Noble gases in Megadunes firn air 2004

Deviation from atmosphere (%o)

0 0 0.05 0.10 0.15 0.20 0.25 0.30
| 1 1 1 1 1
4+ O'N data
- . —— 05N model
10+ l‘\615N gravitational settling only 5*°Ar data
/ O%°Ar model
= O%Kr data
204 o —— 3%Kr model |-
« 0!3%Xe data
E —— 3136Xe model
= 301 .
)
=%
9]
[a)]
40 -
50 -
60- lock-in horizon |
a
T T T T T T

Fig. 3. Observed inert gas ratios in firn air at the Megadunes site, East Antarctica, January 2004. Values are averaged for each depth where
replicate measurements are made. To facilitate compads@iyes are normalized by dividing by the mass difference. The lock-in horizon

depth of 64.5 m is found from measured £&nd CH, data. Model results are for a surface eddy diffusivity & 10—+ m?s~1 and scale

depthH of 5.9 m in deep part of lock-in zone, increasing in upper part of lock-in zone in order to fit the data. This implies a deepening of
convection through time, modeled as starting in 1934 C.E. and reaching the full deftl @2.2 m in 2004 C.E.

value for §136Xe/2%e would be 7x 0.013=0.093 %o less A M for visual comparison (Fig. 3). As expected from theory,
than 7x §1°N. Likewise, the krypton-nitrogen fractionation normalized Kr and Xe isotopes are less enriched in the firn air
(es6—82) is —0.011 %0. For argon-nitroger{p_36) the value  columnthan M and Arisotopes, and these differences extend
is much smaller—0.002 %o, as expected due to the similar throughout the column indicating that it is not a temporary
diffusivities of Ar and N. These values apply to the depth phenomenon (because the mixing time for air in the deep firn
interval between 34 and 64 m (pure “diffusive zone”), due tois order 5yr). This finding generally confirms the theory, and
the fact that the eddy diffusivity is set to zero in this interval. is the main result of this work.

These values can be directly compared with the modeled A numerical simulation aids in the interpretation of the
difference between Xe and;Nsotopes, run with thermal data, and the results are also shown in Fig. 3. We first sim-
fractionation set to zero, which is0.015 %o (-0.012 for K, ulate the firn air isotopic profiles using the model setup
and —0.002 for Ar). This good agreement confirms that the employed by Severinghaus et al. (2010). In that work, the
simple theory and numerical simulation reproduce the samesurface eddy diffusivity wa®eqayo = 1.6 x 10*m2s1at
essential physics by very different means and are consistenall times, and the scale dep#t increased with time from
Note that the method for finding eddy diffusivities does not a value of 5.9 m prior to 1934 C.E. to 12m at the time of
make use of Kr or Xe data. Thus, the fit of model and datasampling, to simulate gradual deepening of convection and
for Kr and Xe can now be used to independently test the hyto adequately reproduce the data in the lock-in zone. Note
pothesis that kinetic fractionation occurs at the Megaduneghat the N and Ar isotopes slightly disagree (Fig. 3) prob-

site. ably because a small amount of thermal fractionation has
_ _ _ _ affected the gases (Severinghaus et al., 2010). This thermal
5.2 Megadunes isotopic data and simulation fractionation effect must be taken into account in model sim-

) ) ) ulations or data analyses to quantify kinetic effects, because
Results of the isotopic ratios are averaged for each depth and, 5nd Xe are less sensitive to thermal effects thariGrew
presented versus depth, normalized by the mass difference
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Diffusivities found empirically at Megadunes rate gas species isotope ratios are needed to characterize the
Diffusivity (m?d") or Péclet number (unitiess) convective zone, diffusive zone and thgrmal signal. The N
0 2 4 6 8 10 12 14 and Ar isotopes are useful for constraining the thermal ef-
0-f ‘ ‘ ‘ ‘ ‘ ‘ ‘ fects, because they have very similar molecular diffusivities

but different thermal diffusion sensitivities. We corrected the

data for thermal effects using the following equation (Sever-

104 inghaus et al., 2010):

81Nops — (8°Arohs/4 — £40-36)
915 _ 940/4

wheredgray is the pure gravitational componeidbys is the

xQ  (13)

dgrav = Sobs —
20 grav obs

— Eddy diffusivity
— Molecular diffusivity

5307 Peclet number measured valuego-36 is —0.002 %o for the Megadunes site

5 (see above)@° — Q49/4) is +0.0047 %0 K1 (Grachev and

o Severinghaus, 2003a, b) afis thermal diffusion sensitiv-
40 ity (Table 3). The kinetic fractionationgs_g2 ande13s-129

thus estimated from the data for the deep firn a&010
and—0.015 %o, respectively, in excellent agreement with the
50 model-derived values. The fit of the model and data demon-
strate that kinetic fractionation occurs at the Megadunes site
and that they are measurable with our precision.
60— Near-surface isotopic values give some constraint on the
convection parameterBeqqyo (and H) for modern firn air
sites, as discussed above. However, no data is available in ice
Fig. 4. Depth profiles of transport parameters found at Megadunes;pre gases to directly constrain these parameters in the past
_by flt_tlng to data;llzddy diffusivities an(_j mole_cular d|ffu5|V|t|es are fim. Thus, the success of an ice-core proxy of the convective
n unnts_ofrrfday .for ease.Of comparison with the Pecletnumber. zone partly depends on the insensitivity of kinetic fraction-
Numerical integration of this Péclet number allows calculation of __. " . . L
the kinetic fractionation via the simple theory. ation in deep .f|rn tq d|ffere_nt combinations ﬂeddyzo and

H. In order to investigate this, we ran the model with several

values ofDegdyo (0.6, 1.0, 1.6 and.@x 104 m? s™1), while

adjustingH to matchs*°N in deep firn within 0.001 %o (fol-
and Ibbs, 1952). The temperature gradient is assumed to bewing Kawamura et al., 2006). Thermal effects are included
0.0028°C m~1 (~ 1°C between top and bottom of diffusive as in the standard model runs. Unlike the standard runs, the
zone) to represent the thermal effects (see Severinghaus ealues of Deqayo and H are kept constant in time. The re-
al., 2010 for further discussion). sults are shown in Fig. 5 and compared with the firn air data.

Using the molecular diffusivities and newly measured The values 0886Kr/4—s§1°N (—0.024,—0.023,—0.022 and
thermal diffusion sensitivities for Kr and Xe (Table 3), the —0.020 %o) ands136Xe/7—5°N (—0.030,—0.028, —0.027
modeleds®Kr and §136Xe agree with the data fairly well. and—0.024 %) for different combinations are similar to each
The average differences between data and model, averagedher, and thus show that the kinetic fractionation is rather in-
over three depths (50.24, 55.17 and 60.61 m),a0e002,  sensitive to the (poorly known) exact valuesdqqyo and
0.000, —0.001 and—0.003 % for §1°N, §°Ar/4, s8¢Kri4  H.
ands'3Xe/7, respectively, and they are within the measure- In a first-order approximation in which and convective
ment uncertainties. We limit the data-model comparison tozone thickness are linearly related, the maximum spreads
this depth range because the shallower data may contain theof isotopic differences from the above exercig®(002 and
mal signals from seasonal temperature variations at the sur=0.003 per mil for the Kr-N and Xe-N pairs, respectively)
face and the deeper data may contain signals of the tranaould result in an uncertainty af~ 4 m in convective zone
sient change in the convective zone. We also omit the datahickness. This magnitude of uncertainty is acceptable to test
at 57.83m from this and following analyses becass¥, the existence of &30—40-m convective zone in glacial peri-
886Kr and §135Xe at this depth strongly deviate, with differ- ods by ice-core measurements. A more significant source of
ent signs, from those expected from the adjacent data, sugincertainty is the measurement precision of the Kr and Xe
gesting errors during sampling or measurements. isotopes (currently 0.004 %o as one standard deviation when
Because of thermal effects, the differences between gasesrmalized), giving uncertainty in convective zone thickness

are larger than expected for kinetic fractionation aloneon the order of 20 % for a 40-m convective zone if we use one
(for example, modeled®Kr/4—s15N is —0.022 %o versus data point. With the current precisions, it will be desired to
eg6_g2= —0.012 %o, and modeles!36Xe/7—51°N is —0.027  measure and average several data points from similar depth
%o versuseizs—129=—0.015 %o). Thus, at least three sepa- (age) in future ice-core studies.
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Fig. 5. Model results with different combinations of surface eddy diffusivity and scale depth. The eddy diffusivity profiles were kept constant
in time for all cases.

Improved constraints on the near-surface eddy diffusivity sKr/N, andsXe/No, as the atmosphere cannot have changed
would reduce uncertainty associated with the calibration of significantly on this~5 yr time scale (Keeling et al., 2004).
for convective zone thickness especially for Xe. The standard Without including kinetic effects 384Kr/N,=—0.40 %o
value of Dedgyo (1.6x 10-4m?s™1) that best reproduces ands!32Xe/N, = —0.89 %o for the average of the four depths
the near-surface gas profiles at the Megadunes site (convebetween 50 and 60 m depth £ 8 flasks), after thermal and
tive zone~ 23 m) is larger than those (4610 °m?s™1) at gravitational corrections usingJ\and Ar isotope data. We
Dome Fuji (convective zone-9m) and YM85 (convective then accounted for kinetic effects using the simple theory to
zone~ 14 m) (Kawamura et al., 2006; Severinghaus et al.,relate the magnitude of elemental fractionation to measured
2010). With more data from different sites, it might be pos- isotopic fractionation, and obtainé&*Kr/N, = —0.08 %o and
sible in the future to parameterize the near-surface eddy dif$132Xe/N, = —0.02 %o. These values are equal to zero within
fusivity with climatic parameters such as accumulation rate,measurement uncertainties (on the order of 0.2 and 0.4 %o,
which can be estimated from ice cores. respectively; Severinghaus et al., 2001; Headly and Severing-
Quantifying kinetic effects will also be valuable for re- haus, 2007) and constitute a successful test of the method, in
constructing past mean ocean temperature using past atmaddition to demonstrating the value of accounting for kinetic
spheric Kr and Xe burdens inferred from trapped air in ice effects on the heavy noble gases in air from ice cores.
cores (Headly and Severinghaus, 2007). As a test, we at-
tempted to reconstruct the atmospheric Kréhd Xe/N ra-
tios from the deep firn air sampled at the Megadunes siteg Conclusions
using only those parameters that would be available in an
ice core study. If our method for making fractionation cor- First principles predict that kinetic fractionation of gas iso-
rections is successful, we should obtain a value of zero fottopes occurs in firn when convection is intense near the sur-
face. By establishing novel high-precision analytical meth-
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Fig. A1 Temperature observations and model results used to create composite surface temperature history for gas model forcing. Data from
the first Megadunes AWS (MGD) has gaps around September and October 2003 and November 2003—January 2004 due to instrument
failure. Data from the Henry AWS were used to splice together a composite record, with small adjustments made to fit the subsurface
temperature observations. Since January 2004 the MAC AWS data from Megadunes are shown. Note that there are up to a few dozens of
data points per day, thus they mostly appear as thick lines in the figure.

ods for isotopic ratios of the heavy noble gases Kr and Xe,convection enabled by mechanical disruption (crevassing or

we have demonstrated that kinetic fractionation does occucracking) of the firn. A paleo-convection proxy would allow

in Nature. Further, the observed amounts of kinetic fraction-a decisive test of this hypothesis.

ation for Kr and Xe isotopes are consistent with numerical

model predictions. Different eddy diffusivity parameteriza- .

tions, in which the overall thickness of the convective zone”\PPeNdix A

is kept constant, yield similar kinetic fractionations, which is .

encouraging for the prospects of developing proxy indicatorsEXact treatment of simple theory

of past convective zone thickness. Therefore, these result.?;he commonl d ter i b o treat

suggest that it may be feasible to evaluate the hypothesis that y used parameter IS cumbersome 1o freat ex-

very deep convection (up te 40m) occurred preferentially gctly, so here we use the sample—to—standard ratio of gas ra-

) . . . . tios, also known as the separation fagjor

during the glacial periods, by using future ice-core measure-

ments. Toward this aim, further work is needed to establish

methods and conduct high-precision ice-core measurements =

of Kr and/or Xe isotopes, as well as modeling exercises for

calibrating the gas records to the depth of convection. A kinetic fractionation factoryy is defined as the ratio of an
Using this convection indicator, it should also be possibleactual isotope pait, in a convecting system, to the value of

to correct for the effect of convection on the ice core Xg/N the isotope pair without kinetic fractionation. Thus for the

and Kr/Np ratios, which are being developed as indicators case of no kinetic fractionation, = 1. The separation factor

of past mean ocean temperature based on solubility effectg of the 1°N/1*N isotope pair can be used as a close proxy

(Headly and Severinghaus, 2007; Ritz et al., 2011). Quanfor this expected value (although it will have slight fraction-

tifying past convection will also strengthen estimates of pastation):

temperature change in Antarctic records and associated phas- x

ing of greenhouse gas variations with climate (Caillon etak =

al., 2003; Landais et al., 2006; Parrenin et al., 2012, 2013).  7/*N

Finally, enigmatic intervals of near-zero gravitational frac- For simplicity, this equation only describes an isotope pair

tionation, seen in several Antarctic ice core Ar anglidb- having a one mass-unit difference, the same adiNE“N

tope records (Severinghaus et al., 2003), may be due to degBotope pair. The equation can be generalized to any mass

R
—sample _ 1000+ 1 (A1)
Rstandard

(A2)
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Fig. A2 Laboratory results of thermal diffusion coefficient measurements made in this study for the isoto38KrafaKr and

136xe/129e. Values are normalized by the mass difference for ease of comparison. Curve fits shéa 81@5/ T — 580/ T2 and
Q=1107/T — 2000/ T2 %, K1 for Kr and Xe, respectively (curve coefficients are actual values, not normalized). Error bars represent
expected errorL{ one standard deviation) based on the reproducibility of control measurements (including machine precision and gas
handling error). Fluctuation of temperature during the thermal diffusion measurements contributes 1it4g) o the uncertainty af2

owing to the large temperature differences30—40 K) employed in the experiments.

Table Al. Thermal diffusion coefficients for Kr and Xe.

Teold  Thot  Tave AT 88%Kr Q¢ error  §13Xe  Qxe  error

-60.4 -20.2 -—-415 402 0.442 0.0110 0.0006 0.426 0.0106 0.0014
—66.5 —-271 —-479 394 0438 0.0111 0.0006 0.382 0.0097 0.0015
-70.3 -304 -516 399 0432 0.0108 0.0006 0.343 0.0086 0.0015
—-73.8 —-455 -603 283 0.311 0.0110 0.0009 0.211 0.0075 0.0021
-79.4 -395 -60.7 399 0439 0.0110 0.0006 0.341 0.0086 0.0015

T averefers to the effective average temperature (Grachev and Severinghaus, 2003a).

difference by noting that gravitational fractionation increasesepsilon used above in the approximate theory:
in proportion to the mass differencen:

gr = oAmxgz/RT (A3) 8;, = Inay = RamIngy —INgisiay (A7)

For a gas paiy having a larger mass difference: , ) L ,
The exact separation factor in a situation where thermal dif-

In A C _
(qx) _ Amy _ Ram (a4)  fusionis neglected would be:
In (qy) Amy,
This allows us to normalize the separation of an isotope pair z Am,g/(RT)
y to the value for a one mass-unit difference, using the ratiog, (z) = Mdz +4q(0) (A8)
Ay 1+ Pey (2) 1
of the mass differenceBa ey

4x = q3o" (A5) . . . . .
The g term in the integrand makes this an ordinary differ-
quAm ential equation (ODE). This term was neglected in the prior
(A6) approximation, but can have values as large as 1.06 for the
Xe-Np pair in a 100-m deep firn column. The valueqft
Or, for convenience, the log @f can be used to describe the surfaceg(0), is 1 because of our definition gf The
the fractionation, which we cal to distinguish it from the  predicted fractionation factar of a gas pairy may now be

Oy =
q1s/14y
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written exactly as: AWS, 89.0F S 1.03 W, 2755 melevation a.s.l.), which em-
pirically tracked Megadunes temperature very closely in the
/ Ram . . . . .2 .
S Amyg/(RT)qy i1 periods in which both stations were functioning. Firn tem-
5 1+P615(z)l;71‘§ < perature at Megadunes from 1, 2, and 3 m depth was used to
- : (A9) verify the composite record, taking advantage of the fact that
} Amysg/(RT)q15 4 | 9 diffusive propagation of heat through firn causes characteris-
LPeis@) tic time lags that increase with depth. The numerical heat dif-
fusion model was used to predict temperature at these three
depths, for comparison with the data (Fig. Al). In several in-
tervals the model run with Henry data produced mismatches
with the Megadunes data, and in these intervals the compos-
fte record was manually adjusted to produce a match with the

Oly=

Here the D15 refers to the binary molecular diffusivity of
I5N14N into air, and thePeys is the ratio of the eddy dif-
fusivity to the molecular diffusivity of°N14N into air in the
porous medium (the Péclet number). In natural systems th

Péclet number is typically a complicated function of depth, Megadunes subsurface data. After sampling firn air, a second

and so the expression is not easily integrated, and must bﬂWS was deployed (denoted MAC) and this data record was
numerically approximated.

X . . used to further verify the method used to create the compos-
In the special case where the Péclet number is consta

ith denth (clearl listi he ODE i | e record. To mimic the seasonal cycle prior to the availabil-
with depth (clearly not very realistic), the IS €easlly ity of data in 2002, an idealized seasonal temperature history

solved: (Severinghaus et al., 2001) with mean annual temperature of
Amyg/(RT) —49°C was used to force the gas model.
gy (2) = exF)(l}—}——P (A10)
ey
and the expression for the fractionation simplifies to: Appendix C
RAm
exp Amygz/RT Laboratory measurement of thermal diffusion
L+Pers 7 coefficients for Kr and Xe
Uy = exp( Amissz/RT _
P\ T+ Pers Standard procedures (Grachev and Severinghaus, 2003a, b)
were used with the following modifications. Ambient air was
—exp Amis8z 4 St (a11)  sampled in a 2-L glass flask at1atm and then doped with
RT 1+ Pe15%—f’ 1+ Peis pure Kr and Xe so that their concentrations becamg0
' times the atmospheric values. This was necessary to obtain
sufficient Kr and Xe signals for mass spectrometer measure-
, Am1sgz 1 1 ments using a small gas container for the thermal fraction-
ey =INay = Dis (A12) ation experiments (having two chambers~o26 mL each
RT 14 Peis=2s 1+ Pess . . L -
Dy in series). The doping is not expected to influence the re-

sults because Kr and Xe concentrations are so low that they
still collide dominantly with major gases gNO, and Ar).

The air was subsampled into one of the two connected cham-
bers at~ 1 atm, expanded to the other chamber (so the to-
tal pressure became 0.5 atm), and then equilibrated under

Note that Eq. A12), which is exact, is identical to Eq9)Y
under the same assumption of constavith depth, except
thate' =In « is used instead of = o — 1.

Appendix B a large temperature difference- 80 to 40°C) at different
average temperature-(—40 to —60°C) for 4 h (Table A1),
Surface temperature observations used to force model with a valve between the two chambers open to allow dif-

fusive transport. The temperature of each chamber was con-
Automatic weather station (AWS) data are available for parttrolled within 0.3°C (one standard deviation). After the equi-
of the year prior to sampling at the Megadunes site, fromlibration, the valve between the two chambers was closed to
a station deployed by M. Fahnestock and T. Scambos irseparate them. Noble gases in each chamber were extracted
November 2002 (Fig. Al; denoted MGD). This station mea- with the standard procedure as used for the firn air samples,
sured firn temperatures at several depths in addition to surand then pure Ar was added to increase the total gas amount
face temperature, wind speed, barometric pressure, and othemilar to that of typical firn air measurements. The isotopic
meteorological variables. In the extreme cold of late winterratios 86Kr/82Kr and 136xe/12°Xe from the “cold” cham-
2003, the AWS failed intermittently so no data are avail- ber were measured against those from the “warm” cham-
able for some intervals. During these intervals, a composber. Four control runs were made with the same procedures
ite Megadunes surface temperature record was created usirmt using an isothermal water bath at room temperature
AWS air temperature data from a site near South Pole (HenrfGrachev and Severinghaus, 2003a, b), producing the results
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of +0.024+0.025 %o and—0.013+ 0.058 %o for86Kr/82Kr Buizert, C., Martinerie, P., Petrenko, V. V., Severinghaus, J. P.,
and 136Xe/129%e, respectively. Results (Table Al and  Trudinger, C. M., Witrant, E., Rosen, J. L., Orsi, A. J., Rubino,
Fig. A2) were fitted with a quadratic function (Grachev and M., Etheridge, D. M., Steele, L. P., Hogan, C., Laube, J. C.,
Severinghaus, 2003a, b). The uncertainties in temperature Sturges, W. T., Levchenko, V. A., Smith, A. M., Levin, I., Con-

and isotopic measurement are taken into account for the error W& T J., Dlugokencky, E. J., Lang, P. M., Kawamura, K., Jenk,
estimates T. M., White, J. W. C., Sowers, T., Schwander, J., and Blunier, T.:

Gas transport in firn: multiple-tracer characterisation and model
intercomparison for NEEM, Northern Greenland, Atmos. Chem.
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