. HOKKAIDO UNIVERSITY

Title Seasonal Variations of Isotope Ratios and C02 Concentrations in Firn Air
Author (s) Weiler, Karin; Schwander, Jakob; Leuenberger, Markus et al.
Description III. Firn densification, close-off and chronology

Physics of Ice Core Records II : Papers collected after the 2nd International Workshop on

ElERen Physics of Ice Core Records, held in Sapporo, Japan, 2-6 February 2007. Edited by Takeo Hondoh
Citation {&2F8%, 68(Supplement), 247-272
Issue Date 2009-12
Doc URL https://hdl. handle.net/2115/45452
Type departmental bulletin paper
File Information LTS68suppl 019. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Seasonal Variations of Isotope Ratios and CO, Concentrations in Firn Air

Karin Weiler*, Jakob Schwander*, Markus Leuenberger**, Thomas Blunier*,

Robert Mulvaney™, Philip S. Anderson®*, Rhian Salmon™*, William T. Sturges***

Climate and Environmental Physics, Physics Institute, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland,

weiler@climate.unibe.ch

** British Antarctic Survey, High Cross, Madingley Road, CB3 OET, Cambridge, UK

School of Environmental Sciences, University of East Anglia, Norwich, UK

iCleschg.‘y‘ Centre for Climate Change Research, University of Bern, Switzerland

Abstract: A first year—round firn air sampling carried out
at the British Antarctic station Halley in 2003 shows iso-
tope and COs changes owing to diffusive mixing driven
by seasonal variations of surface temperature, and gas
composition of the atmosphere.

Seasonal firn temperatures are well reproduced from
the atmospheric temperature history. Based on these pro-
files thermal diffusion is forced with thermal diffusion
factors a with respect to air. Application of the avail-
able literature data for ap(*>N' /N3) leads to a proper
prediction of the seasonal thermal amplitude during the
entire year. By forcing thermal fractionation with o
as derived from two different model approaches and tak-
ing into account literature data reasonable results can be
achieved for COs but not for thermal fractionation of
150150 and '%0 in air. The later is attributed to an
inappropriate reproduction of the intermolecular interac-
tion forces by either model.

Neither thermal diffusion nor annual variations in the
atmospheric CO» concentration seem to have a substan-
cial effect on the CO, concentration finally conserved in
air bubbles at the close—off level.

Key words: firn air, thermal diffusion, thermal diffusion
sensitivity, COq, Halley

1 Introduction

Past climatic conditions can be derived from ice cores
retrieved from the big ice sheets in Greenland and Antarc-
tica. This paleo—archive is unique as it is the only one
providing the history of the atmosphere’s gas composi-
tion, which is trapped in air bubbles occluded in the ice.
The interpretation of these gas records, however, requires
a precise understanding of the air enclosure process.

An ice sheet is formed by accumulation of snow pre-
cipitation. The snow flakes initially deposited as a loose

cover on the surface gradually change their shape and
merge together. This way the snow layers become den-
sified until finally the snow loses its air permeability, at
which point it is considered to be glacier ice. The inter-
mediate stage between snow and ice is called firn. Dur-
ing the diagenesis from snow to ice air is isolated and
occluded into the ice. Further densification of the glacier
ice results from compression of the occluded air bubbles
until the density of ice, pj,... is reached.

Snow diagenesis takes place in three different stages,
which are settling, sintering and further densification by
compaction [14]. Settling is characterized by rounding
and rearrangement of the snow grains until grain pack-
ing is no longer effective. The corresponding density is
referred to as the critical density ps5 [1] empirically de-
termined to be at about 550 kg m~? [14]. Above pss
sintering [18] is responsible for further densification. Ice
grains, which are brought together, stick to one another
and form bonds and in doing so, grain centers approach
each other. While these bonds are growing, air becomes
gradually separated in-between the snow grains [40].
Analysis of the geometric bubble volume by Schwan-
der and Stauffer [33] on an ice core from Siple Station,
Antarctica revealed that 80 % of the air is occluded in
air bubbles within the density inverval 795 < p < 830
kg m~3. From measurements of the total air content on
ice samples from various sites Martinerie et al. [25, 26]
derived an average air isolation level depending on the
annual mean site temperature and p;.., which is located
in the density inverval mentioned above. Following the
common language use this isolation level is heretofore re-
ferred to as close—off density p., as it was established by
Sowers et al. [39]. p., represents the density at which the
air is finally occluded in air bubbles. Thus, considering
firn as a porous mixture of air and snow grains covering
the uppermost about 50 to 150 m of an ice sheet, this level
is also named the firn—ice—transition. Above this density
further densification up to pice (= 920 kg m~?, compare
Table 2) is possible by external compaction only. A more
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Figure 1:  Geograpical map of Antarctica (provided by

D. Steinhage, Alfred Wegener Institute for Polar and Ma-
rine Research, Bremerhaven, Germany). Research sta-
tions are marked by diamonds, while stars represent var-
ious deep drilling sites. The British Antarctic overwinter-
ing station Halley is located at 75° 35°S, 26°34°W on the
Brunt ice shelf.

detailed discussion of firn transformation is given in Blu-
nier and Schwander [4].

Air becomes occluded into air bubbles only at the firn—
ice—transition. Thus, in the porous firn layer above, firn
air can exchange with the overlying atmosphere on a
timescale of decades by molecular diffusion. This means
that an air bubble contains a mixture of atmospheric air
covering a certain time period. This has two implications:
The age of the gas is younger compared to the age of the
ice at the same depth. Furthermore, the gas age cannot
be given as a simple value but has to be expressed by an
age distribution function. This age distribution function is

convolved with the corresponding atmospheric history of

the gas [31]. In addition, a second convolution [31] orig-
inates from the gradual air enclosure process [33]. More
detailed information about the estimation of the gas age
is given in Blunier and Schwander [4].

Air mixing in the porous firn layer is primarily driven
by diffusion. In addition, secondary processes such as
fractionation effects during bubble close—off [16, 35] or
convective mixing [5] overlay diffusive mixing and lead
to changes in the composition of the occluded gas. Re-
garding diffusive mixing the firn column can be divided
in three different zones, which are the convective zone,
the diffusive zone and the non—diffusive zone [39] (sce
also Blunier and Schwander [4] for detail).

The convective zone is a well mixed layer located di-
rectly below the snow surface, where air mixing is pre-
dominantly controlled by surface meteorology.

The diffusive zone reaches from the bottom of the con-
vective zone down to just above the firn—ice—transition.
Air mixing in the diffusive zone is strongly driven by dif-
fusion where in addition to ordinary diffusion, gravita-
tional enrichment [6, 30] and thermal separation [21, 38]
play an important role.

The non—diffusive zone finally, describes the depth
level, in which air no longer exchanges with the atmo-
sphere, but not all air is trapped in bubbles. In this region,
[ractionation processes occur, which can significantly af-
fect the composition of elemental ratios, such as O3/Ny
or Ar/N; [16, 35].

This study focuses on the fractionation of isotopes and
CO5 in firn air as a result of seasonal variations in the
atmospheric parameters gas composition and tempera-
ture. Seasonal varying atmospheric concentrations be-
come smoothed in the firn air owing to diffusion. Atmo-
spheric temperature variations lead to thermal gradients
in the firn column, which lead to thermal fractionation.

Detailed investigations of temperature induced iso-
topic fractionation have been carried out by Landais et al.
[19] or Kawamura et al. [17] on summer firn air from
NorthGRIP or by Severinghaus et al. [36] on summer firn
air from Siple Dome. A first study taking into account
also the winter season was carried out by Severinghaus
et al. [36] on firn air from South Pole. In the present
study for the first time firn air profiles covering the entire
year are investigated.

In order to simulate the fractionation effects a
I—dimensional diffusion—temperature model based on
Schwander et al. [31, 32] is applied (section 2). The
model approach requires thermal diffusion factors ap
with respect to air. Apart from >N'*N only a few mea-
surements of these quantities are reported in the litera-
ture, which only partly cover the polar temperature range.
Therefore, two model approaches (according to Leuen-
berger et al. [21] or van der Valk [43], respectively) are
applied in order to calculate the avp. A detailed descrip-
tion of these models (based on the Lennard—Jones poten-
tial) is given in appendix A.

In section 4 simulated firn temperature and firn air pro-
files are compared with a year—round multi proxy data
set sampled at the British Antarctic overwintering station
Halley (75° 35°S, 26° 34’W, see Figure 1). Sample col-
lection and analysis are described in section 3, while a
small box model developed to correct sample levels for
accumulation and firn densification (see appendix B) is
applied and evaluated.

2 Simulation of diffusion and heat conduc-
tion in the firn

Diffusion in the firn column is simulated with a 1—
dimensional diffusion model based on Schwander et al.
[31, 32]. The I-dimensional diffusion equation solved
for a time step of about 1.5 days and a vertical resolution
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of 2 to 12 cm has the following form:

()6% = %}p% [}z + j_q‘.r'at: + j’!“{)] : (1
where s, is the open porosity (sce below).
The vertical transfer rate of ordinary diffusion (units
m~2 57!, i.e. particles per area and time) is represented
by
) D dey 9
Rz =i rg (2)
¢ is the concentration of a gas 1 in m™3 (i.e. particles
per volume), z the firn depth in m and D, the effective
diffusivity in m? s~! (see below).

Gravitational separation leads to an accumulation of
heavier gas molecules towards the bottom of the firn col-
umn. The transfer flux owing to gravitational separation
can be expressed as

maggcy

—e 3
- 3)

jg;r‘a'u = Dc
where jgrq, has the units m~2 s~ ', myy is the molecu-
lar weight of a gas species 1 in kg, g = 9.82 m s™2 the
gravitational acceleration, k = 1.38066 - 10723 J K~!
the Boltzmann constant and T the temperature in K. For
stationary conditions the gravitational enrichment can be
expressed with the barometric formula

plz)  ( Mg(—=)
e () "

as stated by Craig and Wiens [6] and Schwander [30].
Equation 4 is the solution of equation 3, when the partial
pressure (in Pa) of a gas molecule in depth z, p(z), is re-
lated to the corresponding concentration ¢; by ¢; = }’é,;] :
po = cpkT represents the initial partial pressure in Pa, M
the molar mass in kg mol~" of the gas and R = 8.314 ]
mol~! K~ the gas constant. Linking equation 4 with the
standard delta notation (equation 13), the gravitational
enrichment of an isotope species X in depth z results
in

. AMgz
AOAX(J.,.",_, — (exp i

— 1) - 1000 %e. (5)

Thus. gravitational fractionation increases with the differ-
ence of the molar masses AM of two gas species. Fur-
thermore, the gravitational slope increases for a negative
temperature gradient in the firn column and vice versa
(see Weiler [47] for detail).

The thermal diffusion effect can be described as the
tendency of the heavier species to move towards the
colder regions [12], i.e. a mass transport driven by a
temperature gradient % According to the Chapmann
Enskog theory the thermal diffusion process can be ex-
pressed as

dnyg  arngong 0T
0z T oz’

(6)

providing a binary mixture (i.e. 7219+7n20 = 1, where nyg
is the molar fraction of substance 1 fractionating with re-
spect to substance 2 with molar fraction ngp) subject to
no external forces, uniform pressure, and provided uni-
form mean thermal velocities of the gas molecules [12].

Assuming T to be the reference temperature integra-
tion of equation 6 in-between the limits 7} and 75 leads
Lo

27T 1] . 1000 %o
T (?)

A Xpp =

where again the standard delta notation (equation 13)
was applied (see also Leuenberger et al. [21]). Thus,
for stationary conditions and in a binary mixture, ther-
mal fractionation of an isotope species in air X can be
estimated from the concentration ratio at 77 and 75 or
from the temperature ratio itself, if a; is known (see also
Weiler [47] for detail).

Combination of Fick’s 15 law j = —D,25 with
equation 6 (where ¢ (z) = "1%(5}, V(z) is the gas vol-

ume) leads to the following form for the transfer flux orig-
inating from thermal fractionation jyp (inm~2 s~ !):

aCyTiog JaT

73 dz’ ®)

Jrp = —De
ap denotes the dimensionless thermal diffusion factor
depending on the ratio of masses and diameters of the
two species of the binary mixture and their corresponding
interaction forces ([12], compare appendix A). Temper-
ature driven concentration changes simply following the
ideal gas law are neglected in this context as they have a
much shorter time constant than diffusion.

Diffusion in the porous firn is ruled by the cross section
of the pores but also by their orientation and topography
as pore space is tortuous. Pore space in the firn is de-
scribed by its porosity, while the total porosity s is the
sum of open porosity s,, and closed porosity s.; [30].
Closed porosity is estimated from measurements of the
bubble volume of an ice core from Siple Station, Antarc-
tica [33] as described in Schwander [30] and Blunier and
Schwander [4].

Tortuosity in case of gas diffusion through porous me-
dia is known as the ratio of the diffusivity in the free space
Dq (in m? s71) to the diffusivity in the porous medium
[8]: 5

qd = 8op* ES 9
where D, is the effective diffusivity (units m? s~1). From
measurements of the diffusion coefficient on ice sam-
ples from Siple Station, Antarctica [34], the following
parametrisation of the tortuosity factor is revealed [31]:

@par =1+05- (1= 50p) - (@ + (1 =) - s;2). (10)
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Figure 2:  Flow scheme of the diffusion—temperature

model based on Schwander et al. [31, 32]. The firn is
considered to be static, while concentration as function
of temperature and diffusivity is treated dynamically. The
firn column is limited by the close—off region at the lower
boundary and by the atmosphere on the surface.

As the densification process is dependent on atmospheric
temperature variations, snow accumulation and the expo-
sure of the snow surface to the atmosphere, tortuosity has
to be determined for each site. This is realized by the pair
of the free parameters «v and 3 for which the best agree-
ment between measured and modeled firn air profile of
a reference tracer with known atmospheric history (like
CO5 or CHy) can be achieved (o = 0.78 and 3 = 2.5 for
Siple Station [34]).

Combination of equations 9 and 10 leads to the expres-
sion for the effective diffusivity D, according to

Dy

D, = iy fpp e
p " Sop '
qrar

(11

where the additional factor ke, expresses the dimension-
less correction of the diffusion coefficient to standard
temperature (273.15 K) and pressure (1013.25 hPa) ac-
cording to Andrussow and Schramm [2].

Heat transfer in the firn column is calculated based
on heat conduction [32]. The 1-dimensional equation of
heat transfer in the firn has the following form [27]:

JaT 9, oT
p(z)cspa = E (hg) . (12)

where & is the thermal conductivity in W m—! K~! de-
pending on temperature and density p(z) (in kg m~?) at
depth z (according to Schwander et al. [32]). ¢, repre-
sents the specific heat capacity of ice as function of tem-
perature (according to Paterson [27], units J kg=! K1),

gas M o DV

(kg mol~1) (%) (107> m? s 1)
CO, 0.044 0.0275 1.188
IEN14N 0.029 0.289 1.569
14N, 0.028 77.5 1.583
120160 0.034 0.042 1.568
160y, 0.032 20.9 1.590
36Ar 0.036 0.00281 1.544
404 0.040 0.934 1.509

1 according to Reid and Sherwood [28]

Table 1: Characteristics of the gas species investigated
in this study. M is the molar mass in kg mol™. ¢y rep-
resents the initial (t = 0) concentration given in %. Dy
is the free air diffusivity with respect to air (M = 0.029
kg mol™"') calculated for the site Halley (units 10> m>
s~L).

The box model is set up such that initially each box con-
tains the same air mass. Thus, owing to decreasing pore
volume with depth, for 2000 boxes vertical resolution in-
creases from 2 cm at the surface to 12 cm at the bottom
Peo Of the firn column (see Weiler [47] for detail).

Figure 2 gives an overview of the setup of the diffu-
sion model based on Schwander et al. [31, 32]. The firn
structure represented by the physical parameters density,
porosity and tortuosity is treated statically. In contrast,
diffusive mixing, which varies with the temperature dis-
tribution in the firn and drives the concentration profile
is treated dynamically. The lower boundary of the firn is
represented by the pore close—off region, i.e. the close—
off density p.,. Concentration at the lower boundary is
arbitrarily held at the initial value ¢y, while temperature
is set to the temperature of the overlying box after each
time step.

The firn surface on the other hand, is exposed to the at-
mosphere and thus, atmospheric concentration and tem-
perature histories drive the concentration profiles in the
firn. Table 1 summarizes the main information required
of each gas for the site Halley. Free air diffusivity Dy
is calculated according to Reid and Sherwood [28] with
respect to air (M = 0.029 kg mol~1). ¢y represents the
initial (f = 0) atmospheric concentration corresponding
to the preindustrial composition of Earth’s atmosphere
(CO2 concentration of 1720 AD as reconstructed from
Law Dome ice core data [9]). Principal site parameters
forcing the diffusion—temperature model are summarized
in Table 2 for Halley. Note, that the close—off density p.,
calculated based on Halley site temperature is a theoret-
ical value only necessary to drive the model. This is as
Halley is located on the ice shelf, i.e. floating on sea wa-
ter. Thus, the densification process at larger depth will
significantly differ from the conditions of the dry snow
zone.

Temporal discretisation of equations 1 and 12 is real-
ized by the implicit Crank—Nicolson scheme [7] in order
to simulate dynamic modification of concentration and
temperature of the firn air. The Crank—Nicolson scheme
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parameter unit Halley

f °C -19.1 D
A* kgm?a~! 367 %
Do hPa 983 1)
00 kg m—? 394.4 %
Pice ¥ kg m~3 919.3
Peo kgm™3 (818.7)

') data provided by BAS, READER project
2) data provided by BAS

3) extrapolated from CRYOSTAT firn core
4) according to Bader [3]

) aecording to Martinerie et al. [25, 26]

Table 2:  Site parameters for Halley. 6 is the site
temperature in °C based on Halley station temperature
(monthly mean values surveyed by British Antarctic
Survey (BAS) in the frame of the READER project—
REference Antarctic Data for Environmental Research,
http://www.antarctica.ac.uk/met/READER/surface/Hal-
ley.All.temperature.txt), A* the mean annual accu-
mulation in kg m™2 s~ as derived from snow stake
measurements (data provided by BAS) and pgy the mean
station pressure in hPa (determined from Halley station
data provided by BAS, READER project). pqg represents
the surface density (based on the density record of the
CRYOSTAT firn core, see section 3), pic. the ice density
calculated according to Bader [3] and p,, the close—off
density (according to Martinerie et al. [25, 26]). All den-
sities are given in kg m=3. Owing to the location of the
site Halley on the ice shelf a densification different from
densification in the dry snow zone has to be expected.
Thus, peo is a theoretical value only.

has the big advantage that it remains stable for any com-
binations of time step and spatial resolution [7]. A more
detailed description of the diffusion—temperature model
is given in Weiler [47].

Accuracy of the 1—dimensional diffusion—-temperature
model is estimated from comparing the model output (nu-
merical solution) to the stationary (analytical) solution of
the diffusion equation for gravitation (equation 5) and
thermal diffusion (equation 7). The numerical solution
is achieved by forcing the model with a constant concen-
tration input and a stationary temperature gradient within
the firn column. Combination of the deviations between
numerical and analytical solution for gravitation and ther-
mal diffusion (by application of the error propagation rule
from Gauss) leads to the following accuracies (for 2000
boxes and a time step of about 1.5 days) [47]: 3.5 per meg
for NN in Ny, 3.4 per meg for '*0'%0 in 1904, 5.0
per meg for *6Ar in “°Ar and 5.2 pptv for COs.

3 Sample collection and analysis

In order to investigate the effect of seasonal atmo-
spheric variability on the composition of firn air a year—
round survey was carried out in the frame of the Euro-
pean project CRYOSTAT (CRYOspheric STudies of At-

mospheric Trends in stratospherically and radiatively im-
portant gases) at the new Clean Air Sector Laboratory
(CASLAB) located at the British Antarctic overwinter-
ing station Halley (75° 35°S, 26° 34’W, see Figure 1) in
2003. To minimise contamination, CASLAB was located
I km from the main base at Halley, and was normally up-
wind of the main base and generators. No motorised ve-
hicle access was allowed to CASLAB during operations.

Firn air samples were taken once every two month with
a method similar to the “tube method” used by Severing-
haus et al. [37, 36] to sample air in sand dunes and firn air
at South Pole. An approximately 21 m long firn core (re-
ferred to as the CRYOSTAT core) was drilled with a hand
auger at a distance of about 80 m upwind of CASLAB. A
set of DEKABON-tubes (1/4” OD) with various lengths
and a thermistor string were placed in the hole (see Fig-
ure 3), which was backfilled with kiln—dried high—purity
quartz sand (to 40 cm below the surface) of lower perme-
ability than the surrounding firn in order to seal the hole
from surface air. The remaining part of the hole up to the
surface was filled with snow to avoid a disturbance of the
temperature profile due to heat absorption by the sand.
Great care was taken not to trample or otherwise disturb
the snow surrounding the firn hole more than necessary
either during the preparation work or thereafter. Samples
were taken from seven different depth levels (surface, 1
m, 2.5 m, 5 m, 7.5 m, 10 m, I5 m and 20 m, see Figure
3). The DEKABON tubes were fitted with particle traps
(quartz wool) at their inlets. Firn temperature was contin-
uously monitored at 0.67 m, 1.67 m, 2.67 m, 3.67 m, 4.67
m, 5.67 m, 8.17 m, 10.67 m, 15.67 m and 20.67 m depth.
To monitor actual air temperature additional thermistors
were placed on the surface and 1 m above the snow.

Further wider—bore (3/8” OD) DEKABON lines ran
back to the CASLAB where a diaphragm vacuum pump
and a metal bellows pump were used to evacuate (not the
glass flasks), then flush and fill the sample flasks respec-
tively. A non—dispersive infrared gas analyser (LiCOR
LI-7000) was used to continuously monitor COs in the
air pumped from the firn hole prior to flask filling at each
depth layer (maximum 5 minutes of flushing at 5 litre per
minute). This was to ensure that all contemporary or stag-
nant air had been flushed from the lines before sampling.

The data set consists of samples stored in three dif-
ferent types of containers: 0.5 | glass flasks (University
of Bern, as from here referred to as GF), 3 1 stainless
steel containers (RESTEK SilcoCans from University of
East Anglia, UK, referred to as SC3) and 6 | stainless
steel containers (RESTEK SilcoCans from University of
Bern, referred to as SC6). Air was filled in glass asks for
all six sampling dates and depth levels. No samples are
available between O m and 2.5 m for the December profile
as these flasks broke during the filling procedure. In order
to have a better coverage of the depth range relevant for
seasonality, replicate samples stored in 6 | stainless steel
containers were taken (at 0 m, 2.5 m and 7.5 m). Finally,
as some of the glass flask samples were of poorer quality,
SC3 samples were used to confirm the results.
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Figure 3:  Scheme of the in situ firn air sampling sys-
tem used at Halley. Each depth level was equipped with a
separate DEKABON—-tube merging at a multi port valve.
To monitor the firn temperature, a thermistor string was
installed.

Samples were analysed with an isotope ratio mass spec-
trometer (IRMS) at the University of Bern. The in-
strument used is a Finnigan MAT Delta Plus XP IRMS
(Thermo Electron, Bremen. Germany) equipped with a
special dual inlet allowing measurements in continuous
flow (Y=shaped open split [22]). The setup at the Univer-
sity of Bern allows the simultancous analysis of isotopes
(6'5N, 6130, 6°6 Ar) and elemental ratios (§CO5/N,, rele-
vant for this study). The technique to measure CO; con-
centrations by mass spectrometry is described in Leuen-
berger et al. [23]. A more detailed description of the ex-
perimental set—up is given in Sturm [41].

Results are given in the standard delta notation. This
means, that the isotopic (or elemental) ratio of a sample

Ay . - . .
gas [ﬁ} is recorded as the relative deviation from a
: Sa

A 4 . .
standard gas ['ﬂ%] . which has the same composition
st

as the present day atmosphere. Taking ZX as the iso-
tope of higher abundance (e.g. *N,) compared to 41X
(e.g. ""N'N) the standard delta notation has the follow-
ing form:

ﬁ_l -1000 %o.  (13)

The analytical set—up leads to an instrument precision
of (16.9 + 5.4) per meg (1 permeg = 1- 107 %) for
615N, (41.3 4+ 14.7) per meg for 6'50, (193.2 + 64.8) per
meg for 6°%Ar and (60.6 + 58.6) per meg for CO2/N,
[41].

Owing to experimental problems in the field espe-
cially some of the GF-samples are of poorer quality.
We use a criterion based on the atmospheric CO5 his-
tory recorded for Halley (flask samples in monthly res-
olution provided by Thomas J. Conway from NOAA
— National Oceanic and Atmospheric Administration,
http://www.esrl.noaa.gov/gmd/ [42]) to identify these
outliers. In fact, measured CO5 surface concentrations
are normalised to the NOAA results separately for each
container type (GF, SC6, SC3) and analysis run. Based
on these offsets COs profiles are shifted. This is to
account for variations in the configuration of the mass
spectrometer and slight differences in the reference gas
(working standard) compared to the NOAA standard
(http://www.esrl.noaa.gov/gmd/ccgg/refgases/stdgases.
html).

Outliers are identified from the normalised data set ac-
cording to the following criterion: Firn air profiles are
affected by atmospheric seasonality down to about 15 m
depth as derived from the temperature distribution in the
firn (Figure 4) and the firn air profiles (section 4). Within
this depth range CO5 concentrations are expected Lo vary
around the reference value (NOAA data) by +0.7 ppmv
owing to thermal diffusion (section 4.3), while additional
atmospheric seasonality in CO5 is implicitly considered
by the NOAA Halley record. In addition, a concentra-
tion reduction with depth of 2 ppmv with respect to the
surface value is acceptable, which is the order of mag-
nitude of the recent annual CO; increase (compare Tans
and Conway [42]) and only weakly smoothed out by air
mixing in the firn. Owing to the distinct temporal CO4
increase no concentrations higher than the correspond-
ing atmospheric value are reasonable below 15 m depth.
Only samples with CO5 concentrations fulfilling these
conditions are accepted (compare Weiler [47] for detail).
In summary, 19 of the altogether 48 glass flask samples
(GF), 5 of the altogether 27 samples stored in 3 litre stain-
less steel containers (SC3), and 2 of the altogether 18
stored in 6 litre stainless steel containers (SC6) had to
be rejected.

In addition, as mentioned above, the data set is sub-
jected to systematic errors originating from experimen-
tal problems during the sampling procedure in the field,
which occured mostly in April and June. A measure to
identify samples affected by systematic errors is the nor-
malization interval (grey shaded areas in Figure 12 of ap-
pendix C) representing the maximum or minimum shift
of the profiles in order to equal the NOAA reference on
the surface. Only those values covered by the normaliza-
tion interval are assumed to be realistic. Note, that the
February sampling date is not considered for this proce-
dure as diffusive mixing is expected to be overlayed by
surface convection in case of this profile (see section 4.2).
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Normalisation of the analysed isotopic ratios discussed
in this study is carried out on the revised data set. Based
on the assumption that isotopic ratios of the working stan-
dard represent the current atmosphere isotopes are nor-
malised with respect to a surface value of 0 %o. 6'°N and
0'%0 samples subjected to systematical errors are iden-
tified in the same way, as for CO5 (compare Figures 10
and 11 of appendix C). Due to an unrealistic width of
the normalization interval in case of 4°°Ar no reasonable
selection of data points affected by systematic errors was
possible. For this reason and owing to the higher experi-
mental uncertainty (see above) the 535 Ar profiles are not
presented in this study.

4 Firn air mixing driven by atmospheric sea-
sonality

In the following sections the multi-proxy data set
(described in section 3) retrieved from Halley firn in
2003 shall be discussed with respect to seasonal vari-
ations within the uppermost 25 m of the firn column.
The main focus is put on the prediction of seasonally—
induced temperature and concentration variations with
the 1-dimensional diffusion—temperature model (section
2), while the model is forced with atmospheric temper-
ature and concentration histories. Different predictions
of the thermal diffusion factors (Table 3 of appendix A)
are applied and results are compared with the firn air data
set. In addition, the applicability of a depth correction
is investigated on the borehole temperature profiles. The
depth correction (described in appendix B) takes into ac-
count temporal shifting of the firn air sampling setup and
the thermistors owing to accumulation and densification.

4.1 Seasonal variations in firn temperature

Heat transfer in the firn column is calculated accord-
ing to equation 12, where the thermal conductivity & is
derived from firn density and the thermal conductivity of
pure ice [32]. In order to evaluate, whether this model
applies to the seasonal temperature variation in the firn
column, fim temperatures obtained from borehole mea-
surements (thermistor string, compare section 3) are com-
pared to the modelled temperature profiles.

The temperature model through 2002 is forced with at-
mospheric Halley station temperature data. From 1957 to
2002 we take monthly mean values surveyed by BAS in
the frame of the READER project. For 2003 the atmo-
spheric input is based on high resolution (15 min) tem-
peratures measured | m above the surface near Halley
Station (data provided by P.S. Anderson, pers. comm.).
In order to reach coincidence with the resolution of the
previous years the high resolution data set is smoothed
with a running mean using a window size of 30 days. Be-
fore 1957 Halley temperature input is estimated by the
mean station temperature of about 254 K (Table 2).

Figure 4 shows the firn temperature profiles obtained
from borehole measurements (black diamonds) together
with the temperature model results (black lines) as a func-

tion of firn depth. Borehole temperatures were monitored
on firn air sampling dates between February and Decem-
ber of 2003 in three hourly intervals.

A stationary temperature increase of about 2 K be-
tween 7.5 m and 20 m depth is observable from the bore-
hole data. This temperature gradient originates from a
bottom heat flux induced by sea water as Halley is lo-
cated on the Brunt ice shelf (compare Figure 1). In or-
der to simulate the effect of this situation on the tem-
perature profile, firn temperature is initialized based on
the detected temperature increase between 10 and 20 m
depth. According to this trend the lower boundary of the
diffusion—temperature model at 90 m depth is held con-
stant, which is sufficient regarding the discussion of sea-
sonality in the firn air profiles. Seasonally induced tem-
perature variations in the uppermost about 10 m (compare
Figure 4) do not affect the temperature gradient.

The depth shift owing to densification of the firn and
further accumulation is clearly represented by the upper-
most sampling level. While a distinct diurnal cycle of
about 6 K is initially observable on the surface temper-
ature measured in February 2003 (Figure 4a) variations
are attenuated to approximately 1 K at end of April (Fig-
ure 4b). At this time, the surface sample is predicted by
the box model (appendix B) to be about 0.63 m below the
surface. This is in good agreement with a temperature
variation of approximately 1 K in February measured by
the thermistor in 0.67 m depth. In August the diurnal
cycle is not detectable anymore by the uppermost ther-
mistor, which is predicted to be at about 0.9 m depth at
this time.

Thus, correction of the sample levels (appendix B) is
supported by a good agreement between borehole data
(black diamonds in Figure 4) and the output of the tem-
perature model (black lines). An exception is an irregu-
larity detected for August (Figure 4d), where the upper-
most borehole temperature values clearly deviate from
the prediction of the temperature model. As the shape
of the measured temperature profile (slight temperature
decrease between the uppermost and the following sam-
ple level) is different from the modelled profile (approx-
imately constant temperature within the first meter be-
low the surface) the discrepance between model and data
seems to originate not from the depth correction. Rather
smoothing of the atmospheric temperature input (running
mean, see above) might be the reason for the lower sur-
face temperature predicted by the temperature model.

Thus, we conclude, that the seasonal cycle in firn tem-
perature induced by atmospheric temperature variations
on the surface is well predicted by the temperature model
of Schwander et al. [32]. Furthermore, the box model
(appendix B) seems to be appropriate in order to simulate
the sinking of the sample levels owing to firn densifica-
tion and further accumulation during the entire year.

Firn air profiles discussed in the following sections are
based on these firn temperatures.
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Figure 4:  Seasonal temperature variations in Halley firn covering the time range between 19.02.03 (a) and 22.12.03
(f). Firn temperatures as obtained from borehole measurements (thermistor string) are marked by black diamonds, where
depth levels are corrected for densification and accumulation applying the box model (described in appendix B). The

output of the temperature model is depicted as black line.
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4.2 Isotopic fractionation

Isotopic fractionation is investigated for the species
§1°N and §'®0. Figures 5 and 6 show the profiles re-
vealed for Halley between February (Figures 5a and 6a)
and December (Figures 51 and 6f) 2003. As mentioned
earlier (section 3) the data set consists of samples stored
in various container types (GF, SC3, SC6). In addition,
analysis of the sampled firn air was carried out in dif-
ferent runs ranging from 2003 to 2007. Glass flasks (GF)
were analysed in 2003 (open triangles), 2004 (filled trian-
gles) and 2005 (reversed filled triangles). Analysis of the
6-liter stainless steel containers (SC6) was carried out in
2003 (circles) and 2004 (filled circles). 3-liter stainless
steel containers (SC3) finally, are represented by open
squares (2006 run) and filled squares (2007 run).

Under the assumption, that the standard gas (working
standard) has the same isotopic composition as the atmo-
sphere in Halley, data are normalized with respect 1o 0 %o
on the surface (compare section 3). Thus, compared to
the full data set as presented in Figures 10 (5'°N) and 11
(6'%0) of appendix C, only data points covered by the
normalisation interval (grey shaded areas in Figures 10
and 11) are considered for the following discussion.

Additionally, profiles are corrected for the depth shift
owing to firn densification and snow accumulation as de-
scribed in section B. In contrast to the uppermost ther-
mistor (Figure 3 in section 4.1) surface air represents am-
bient air and thus, this sample level remains at 0 m depth.

42.1 6PN

Assuming the atmospheric nitrogen isotopic composition
to have remained temporally constant [24] the diffusion—
temperature model is forced with a constant concentra-
tion input of ¢y = 0.289 % representing the contribu-
tion of '">N'¥N to Earth’s atmosphere (compare Table 1).
Thermal diffusion of '"N'*N with respect to Ny (repre-
sentative for air) is simulated with ap = 3.7 - 1072 (see
Table 3 of appendix A) calculated according to the log-
arithmic fit of Leuenberger et al. [21]. The ay given by
Leuenberger et al. [21] agree well with the measurements
of Grachev and Severinghaus [11] (compare Figure 9 of
appendix A). Based on this agreement, we use +3 % as
the uncertainity for cvp according to Grachev and Sever-
inghaus [11].

Figure 5 shows the normalized Halley 6'°N firn air
profiles. The 4'°N as the result of diffusive air mixing
simulated with the diffusion—temperature model is de-
picted as black lines. Grey shaded areas represent the un-
certainity of . In summer, i.e. when firn temperature is
lower within the firn compared to the surface (see Figures
4a and 4f) the heavier "’N'N (0.029 kg mol~!) is en-
riched in the firn with respect to "Ny (0.028 kg mol—1).
The opposite behaviour is observable for the winter
month (Figures 5S¢ and 5d). Accordingly, the temperature
reversal in autumn (Figure 4b) and spring (Figure 4e) is
represented by a twofold thermal oscillation in the firn air
profiles.

Taking into account the error range of the data (one
standard deviation) and the uncertainity of the thermal
diffusion factor ap (grey shaded areas in Figure 5), mo-
delled and measured profiles are in good agreement.
Thermal diffusion is represented by the bell-shaped de-
formation of the profiles. An exception is the February
profile, where the seasonal thermal amplitude is over-
estimated by the diffusion—temperature model by about
0.05 %o. As ap of ’NYN in MN, is well determined
[21, 11] and the disagreement between model and data is
observable independently of the container type or analy-
sis run, it is interpretated as a signal. The attenuation of
the thermal oscillation is attributed to surface convection
[5] overlaying diffusive mixing, while a convective zone
with an extension of not more than 0.5 m is expected [47].

422 %0

In order to simulate the fractionation of *0'°0 in 10,,
the diffusion—temperature model is forced with a constant
input of ¢y = 0.042 % for the simulation of 12010 in air
and ¢y = 20.9 % for modelling diffusive mixing of '°05
in air. Both concentrations correspond to the contribution
of the isotopes to Earth’s atmosphere (compare Table 1).
Concentration input is chosen this way as no notable re-
cent atmospheric variation of 6'%0 could be detected so
far [41].

Simulation of thermal fractionation of 6'%0 requires
the thermal diffusion factors of '*0'%0 in air and %0,
in air. However, only for the latter quantity measurements
are available in literature. Thus, as a first estimate the ap
are calculated following the model approach of Leuen-
berger and Lang [20] and the model discussed in van der
Valk [43] (see appendix A for both). Black lines in Fig-
ure 6 represent the forcing according to Leuenberger and
Lang [20] (i.e. a7 = 25.0-10~% for thermal fractionation
of 00 in air and a7 = 14.6 - 10~ for thermal frac-
tionation of '°0y in air). The model output obtained from
ar = 23.5-1072 (*30'%0 in air) and a7 = 13.9- 1073
(1505 in air) according to van der Valk [43] is depicted
as black dashed lines. Obviously both approaches lead
to similar thermal diffusion factors revealing a maximum
deviation of 0.032 % in the predicted thermal oscil-
lation. In addition and even more important both ap-
proaches lead to a strong overestimation of the thermal
amplitude, when compared to the data set. Thus, ther-
mal diffusion factors v estimated according to Leuen-
berger and Lang [20] and van der Valk [43] seem to be not
appropriate to simulate thermal fractionation of #0160
or %05 in air. The reason is that neither model is able
to properly predict the interaction forces involving non—
polar but elongated molecules and oxygen belongs to this
group (see appendix A for more detail).

In order to get a first idea about thermal fractionation
of oyxgen isotopes in air, three different approaches are
applied:

(i) ap of %05 in air is derived from measurements
of Waldmann [44] carried out at temperatures of
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Figure 5: 8'°N in Halley firn air of 2003. The sampling period reaches from February (a) to December (f) 2003. Open
triangles represent the GF samples analysed in 2003, filled triangles the GF samples measured in 2004 and reversed filled
triangles the GF samples of the 2005 run. SC6 samples analysed in 2003 are depicted by open circles, those analysed in
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sured in 2007. Data are revised with respect to systematic errors (appendix C). The output of the diffusion—temperature
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Grey shaded areas represent the 3 % error estimate of aop as given by Grachev and Severinghaus [11].
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89, 194, and 283 K, as summarized in Grew and
Ibbs [12]. Assuming a linear temperature depen-
dence of the ar as e.g. suggested by Grachev
and Severinghaus [10], the corresponding value cvp
of 160, in air for the Halley mean annual tem-
perature of 254 K is determined to 15.4 - 10~?
(ar (50 in air, T)-10% = — 20034 93,31, coeffi-
cient of determination is (.98, no uncertainities are
given for the measurements by Waldmann [44]).
ap of 1800 in air is derived from matching with
the Halley firn air measurements.

(ii) In this approach the ap of %0, in air and the ap of
18050 in air are calculated from the following set
of equations:

ar(*¥0'0/air) = ar(**0'%0/'0,)

14
+ a7 (%0, /air) U

M* (1300 /air)
M*(160, /air)  (15)

X ﬂ'{'(lG()g/air),

ar(**0'0/air) =

where the M™ are the proportionate mass dif-
ferences as defined in equation 18 of appendix
A (iie. M, = 0.034 or 0.032 kg mol™" and
M = 0.029 kg mol™!). Equation 14 represents
the additivity of the thermal diffusion factors (pro-
vided each addend is known with respect to a
ternary mixture, see van der Valk [43]). Applica-
tion of the linear mass dependency (equation 15,
compare Leuenberger and Lang [20]) implies the
interaction forces to be approximated properly by
a binary mixture. Knowing thermal fractionation
of 1800 in '°0,, the ar of 0, in air and
arp of 090 in air can be calculated explicitly.
ar(*%0'%0/190,) is derived from the thermal dif-
fusion sensitivity of oxygen with respect to nitro-
gen, i.e. the slope %, times the corresponding
ar of ''NMN/1N, as e.g. suggested by Severing-
haus et al. [36]. ?% is 1.55£0.04 in annual aver-
age as determined from the Halley firn air profiles,
while the temperature dependent thermal fraction-
ation factors of '?N/'N, are calculated accord-
ing to the logarithmic fit of Leuenberger et al. [21].
Mean annual site temperatures, i.e. 254 K in case
of Halley, are chosen as a first estimate. In general,

;18 - - . .
:‘153 increases with rising termparature.

(iii) Determination of the «p is carried out in the same

way as in case (ii). However, instead of estimating
. : 18

ar of 00 in 10, based on the slope jTI%
the latter quantity is taken as the variable. This

Pl O

dl.".

files match the %0 firn air data, which is the case

G BB - - 1

for SR = 1.3.

means that is varied until the simulated pro-

The best match between the firn air data set and sim-
ulated profiles by forcing thermal diffusion of %0 in
air with o = 15.4 - 1073 according to Waldmann [44]
(case (i)) is achieved by using ap = 18.5 - 102 for the
fractionation of **0'%0 in air (compare yellow profiles
in Figure 6). The second approach, (ii), leads to a slight
overestimation of the firn air data set by the model, as
depicted by the red profiles in Figure 6. The correspond-
ing thermal diffusion factors are cvpr = 9.4 - 10~ for the
fractionation of %05 in air and 15.2 - 10~2 for 1*00
in air. The best match between data and model using ap-

proach (iii) is obtained for the slope % = 1.3 leading

to ar(*°0y /air) - 10° = 7.9 and ar (100 /air) - 10° =
12.7 (green profiles in Figure 6).

Assuming the measurements of Waldmann [44] to be
representative for thermal fractionation of 0, in air,
case (i) (yellow profiles in Figure 6) seems to be the most
likely. However, application of the additivity (equation
14, van der Valk [43]) leads to a slope %]% = (.83,
which is about half of what is expected for the mean
annual Halley temperature of 254 K: 1.55 &+ 0.04 from
Halley data (see above) or 1.66 as derived by Severing-
haus et al. [36] from Siple Dome firn air (corresponding
to a mean annual temperature of 255 K). On the other
hand, taking into account the temperature dependence of

Z:ﬂg (via ap(""'NMN/1N,), see above) and with it, of

ar(10'°0/1°0,), the 220 = 1.55 & 0.04 as derived
from the Halley profiles (case (ii), simulations depicted
in red in figure 6) is more comparable with slopes de-
rived for a much lower mean annual temperature, e.g.
g;% = 1.56 4 0.09 in case of Kohnen—-EDML with a
mean annual temperature of 228.7 K [47]. The same is
valid for case (iii), where a slope of % = 1.3 only
leads to a proper match between firn air data and simula-
tions (green profiles in figure 6).

The effect of disequilibrium with respect to temper-
ature owing to the slightly different diffusion speeds of
oxygen and nitrogen in air turns out to be negligible for
Halley firn air in this context. Severinghaus et al. [36]
obtained the same result from their South Pole and Siple
Dome profiles.

Regarding case (i) doubts on the accuracy of the mea-
surements made by Waldmann [44] seem to be allowed.
The additivity (equation 14, van der Valk [43]) does only
lead to reasonable results, if at least two of the three ar
are available with respect to air (or at least for a ternary
system comprised by Ny, %05 and '*0'°0 for the case
under discussion, in order to properly simulate the inter-
action forces). Thus, measurements of all three relevant
thermal fractionation factors (i.e. of %0, and %060
with respect to Ny in the gas mixture air and of **0'¢0
in 1°0, in air) are required for a proper prediction of the
ar.

Having a look at cases (ii) and (iii) the first assump-
tion to be doubted is the applicability of the linear mass
dependence (equation 15). As clearly stated by Leuen-
berger and Lang [20] a linear mass dependence of the ap
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with respect to temperature is valid only for binary mix-
tures. In order to simulate the relevant interaction forces
for thermal fractionation of oxygen isotopes in air prop-
erly, a mixture of at least three compounds has to be as-
sumed. Taking the mass dependency M@ as
M+ (160, /air)
a variable and a realistic slope of 1.7 for the mean an-
nual Halley temperature of 254 K a good match between
model simulations and Halley firn air can be achieved

M*(RO°0/8IN) |, & Trenns . -
W90, jainy. O Especially as these assump-

tions would imply a avg- of 160y in air, which is approxi-
mately a factor of 10 smaller, than derived from the mea-
surements of Waldmann [44], this neither seems to be a
realistic solution.

with

Assuming the uncertainity of the o (grey shaded ar-
eas in Figure 6) to be represented by a 415 % interval
around the best match between model and data (cases (i)
and (iii)) most of the data variability (one standard devi-
ation) is covered by the model for each of the cases (i,
ii and iii) for the time range between April (Figure 6b)
and December (Figure 6f). As already observed for §'°N
(Figure 5a) the seasonal thermal amplitude is overesti-
mated by the diffusion—temperature model for February
(Figure 6a). This cannot be explained by the unclear pre-
diction of the vy as the §'%0 data points are not covered
by the uncertainity interval (grey shaded area in Figure
6a). Thus, the assumption of convective mixing overlay-
ing diffusion in Halley is also supported by the behaviour
of 6'%0.

In summary, taking into account each of the three ap-
proaches (i), (ii) and (iii), no clear prediction can be made
for the thermal diffusion factors of 00 in air and
160, in air (the cvp pairs leading to a match between
model and Halley firn air data together with those derived
from the model approaches of Leuenberger and Lang [20]
and van der Valk [43] are summarized in Table 3 of ap-
pendix A). Thus, in order to confirm the results, mea-
surements of thermal fractionation of oxygen in the gas
mixture air are required.

As expected from the mass ratio the heavier '*0'%0
(0.034 kg mol—!) is compared to the surface enriched in
the firn with respect to 1505 (0.032 kg mol !, see Table
1) in summer (Figures 6a and 6f). In contrast, a depletion
of 180'%0 to %0, is observable for winter (Figures 6¢
and 6d). The intermediate stage, i.e. spring represented
by Figure 6¢ and autunm (Figure 6b) is characterized by
a twofold oscillation with a lower amplitude owing to the
reversal of firn temperature (see above).

4.3 Thermal fractionation of CO,

In contrast to the isotopic species discussed in the pre-
vious section, CO5 does not have a constant atmospheric
history but shows a strong trend. Recent atmospheric
CO, concentrations for Halley are available from flask
sample data since 1983 in monthly resolution (provided
by Thomas J. Conway from NOAA [42]). In order to
extend the concentration input to preindustrial times, the
atmospheric COs trend as inferred from the Law Dome

ice core [9] is used (back to 1720 AD).

Figure 7 shows the CO; profiles revealed for Halley
firn between February (Figure 7a) and December (Fig-
ure 7f) 2003. Data presented are normalised with respect
to the NOAA standard (section 3). Data points obviously
subjected to systematic errors are eliminated based on the
normalization interval (compare Figure 12 of appendix
C). In addition, the data set is corrected for the depth
shift of the sample levels owing to densification of the
firn and accumulation (appendix B).

Based on firn temperature and concentration input dif-
fusive mixing of CO» in Halley firn is modelled with the
|—dimensional diffusion—temperature model (section 2).
The strong recent anthropogenic COx rise of more than
2 ppmv a~! (compare NOAA record) is clearly repre-
sented by a COy decline of about 4 ppmv between the
surface and 20 m depth (Figure 7a to 7f, bold black and
bold black dashed lines). Taking into account smoothing
of concentration gradients in firn air by ordinary diffu-
sion, this concentration difference is in good agreement
with the COs gas age of about 2.6 years before 2003 cal-
culated for 20 m depth.

Thermal diffusion of COs in air is simulated with
ar = 57.3 - 10~% according to Leuenberger and Lang
[20] (bold black lines in Figure 7) and ap = 67.8 - 1073
(Table 3 of appendix A) according to the approach of
van der Valk [43] (bold dashed black lines). Owing to the
higher standard deviation of some data points (especially
of the February profile, compare Figure 7a) and some
data points obviously subjected to systematic errors, even
if the data set has been revised, no error estimate for ap
can be derived from the data. Experimental estimates for
the thermal diffusion factors of COs in N2 according to
Grew and Ibbs [12] are in the range between 36 - 1073
(T = 283 K) and 61 - 1072 (288K < T < 373 K).
The latter estimate is in the same order of magnitude
as the findings from the theoretical approaches accord-
ing to Leuenberger and Lang [20] and van der Valk [43].
However, neither of the empirically revealed values cor-
responds to polar temperatures (1" = 254 K for Halley).

In order to separate the effect of thermal diffusion from
the imprint of the annual seasonality in the atmospheric
CO4 history, COs firn air profiles are simulated without
thermal diffusion, i.e. jrp = 0 (fine black lines). The
seasonal thermal amplitude is represented by the bell-
shaped deformation in the uppermost about 5 m of the
CO, profiles (compare bold black and bold black dashed
lines in Figure 7a to 7f). The magnitude of the seasonal
thermal amplitude is not more than 0.7 ppmv (compare
fine black and bold black lines at maximum thermal os-
cillation in Figure 7) corresponding to a temperature dif-
ference of about 10 K between the surface and 5 m depth
(Figure 7a or 7f) during the entire year. Thus, even for
sites with stronger seasonal temperature asymmetry or
surface convection (rectifier effect [36, 47]) only minor
elfect of thermal diffusion of COs2 on the air conserved in
air bubbles of deep ice cores has to be expected.

The observed thermal amplitude is basically confirmed
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Figure 7: Seasonal COy variations in firn air analysed in Halley between February (a) and December (f) of 2003. Data
are normalized and conrrected with respect to systematic errors. Data points are marked in the same way than in Figure
5. The output of the diffusion—temperature model based on a1 calculated according to Leuenberger and Lang [20] is
marked by bold black lines, while the output achieved via application of ar according to van der Valk [43] is depicted
as bold dashed black lines. Fine black lines represent the prediction of the diffusion—temperature model, when thermal
diffusion is switched off (i.e. jrp = 0, compare section 2).
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by the data points even if they show a strong scatter
(owing to experimental problems in the field). In sum-
mer, when firn temperature increases towards the surface
(compare Figure 4a or 4f) COz in the firn is enriched
with respect to air (compare Figure 7a or 7f) owing to its
larger molar mass (0.044 kg mol~! vs. 0.029 kg mol~!
for air, see Table 1). Accordingly, compared to the sur-
face a depletion of CO; is observable in winter (Figure
7c¢ or 7d), which corresponds to the inverted tempera-
ture profile (Figure 4c or 4d), i.e. colder temperatures
towards the surface. In spring (Figure 7¢) and autumn
(Figure 7b) the profiles forced by concentration oscilla-
tions only (fine black lines) are intersected twice by the
model runs accounting for thermal diffusion (bold black
or black dashed lines, respectively). This is due to the
reversal of the temperature profile from winter towards
summer conditions (compare Figure 4¢ and 4e).

Figure 8 gives a summary of the Halley CO5 firn
air profiles as predicted with the diffusion—temperature
model simulated without thermal diffusion (jop = 0) in
order to investigate the effect of seasonality in the atmo-
spheric CO; history observed in Halley. Different line
styles represent the different seasons reaching from mid
of February to end of December 2003.

Seasonal atmospheric CO, variations have a magni-
tude of about +0.5 ppmv in Halley with a minimum in
autumn and a maximum in spring (NOAA data [42]) and
are caused by variations of the net primary production
of carbon [13]. Net primary production is the remain-
der of the carbon flux into the terrestrial biosphere (i.e.
carbon fixed in photosynthesis by terrestrial plants) and
the return of carbon by respiration of terrestrial plants
and soil [13]. Carbon consumption by photosynthesis
is highest in spring and summer leading to decreasing
atmospheric CO3 concentrations in Halley. Respiration
from soils takes also place in winter, which is why at-
mospheric CO; increases in Halley during this season.
In addition, for southern latitudes, the ocean—atmosphere
gas exchange plays an important role in determining the
seasonal cycle of CO» [13].

The seasonal variations in the atmospheric COs con-
centration mentioned above are well reproduced by the
diffusion—temperature model. Minimum concentrations
appear on the surface in February 2003, i.e. autumn
(black line, Figure 8), while the concentration maximum
is reached in late October (black short dashed line). A
continuous concentration increase can be observed from
late April (grey short dashed line) to late August (grey
dashed line). The decrease of atmospheric CO3 in spring
and summer is represented by a concentration decline be-
tween the October and the late December surface (grey
line in Figure 8). The seasonal pattern is visible in the
COs, firn air profiles down to about 2.5 m depth. At this
level, the imprint of the annual anthropogenic CO; in-
crease overlays the effect of seasonal variability and the
profiles turn back to their original order, i.e. the younger
the air, the higher the CO; concentration (profiles from
28.10.03 and 22.12.03 intersect at this depth). Thus, a
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Figure 8: Summary of the Halley COy profiles as func-
tion of depth simulated with the diffusion—temperature
model, while thermal diffusion is switched off (i.e. jrp =
0, compare section 2). Different seasons are represented
by various line styles.

seasonality of £0.5 ppmv as detected in the atmospheric
CO; record of Halley only has a minor effect on the
COg2 firn air profiles. In addition, from comparison with
the firn air data (Figure 7), seasonal amplitudes in firn
air CO4 are underestimated (fine black lines vs. bold
black or bold black dashed lines, respectively in Figure
7), when only the seasonality of the atmospheric CO2
concentrations detected in Halley is considered. In par-
ticular, this is supported by the profiles analysed from
February to August 2003 (Figure 7a to 7d). Owing to
the very poor sample quality, no clear conclusion can be
drawn from the October and December profiles (Figure
Te and 7).

Taking into account thermal diffusion leads not only to
a more realistic seasonal amplitude predicted for the firn
air profiles but also to a shift of about 0.2 ppmv (corre-
sponding to a temperature increase of approximately 2 K
between 7.5 m and 20 m depth) towards lower CO5 con-
centrations (compare Figure 7, fine black vs. bold black
or bold black dashed lines, respectively). Therefore, re-
garding the concentration of the firn air finally occluded
in air bubbles at the close—off level, thermal diffusion of
COq in firn air plays only a minor role.

5 Conclusions and outlook

The imprint of atmospheric temperature and concen-
tration seasonality on the composition of firn air has been
investigated on a multi proxy firn air data set retrieved in
Halley in 2003.

Seasonal atmospheric temperature variations leading
to temperature oscillations in the firn column are repro-
duced properly by the temperature—model forced with the
surface temperature history from Halley. Thus, the de-

— 261 —



pendency of the thermal conductivity  on the firn den-
sity as calculated according to [32] is sufficient also on
a seasonal scale. Furthermore. depth correction owing
to firn densification and additional accumulation as pre-
dicted with a 1-dimensional box model agrees well with
the reduction of the analysed diurnal temperature cycle.
Therefore, this box model seems to be appropriate for this
purpose.

Thermal fractionation is simulated in the diffusion—
temperature model based on [31, 32] with respect to air
and for a binary mixture. Within an uncertainity range of
+3 % [11] thermal diffusion of '>’N*¥N in air as forced
with the thermal diffusion factor according to the log-
arithmic fit of Leuenberger et al. [21] (fitting the mea-
surements of Grachev and Severinghaus [11]) leads to a
good agreement between firn air data and model predic-
tion. Thermal diffusion of 300 in air, %05 in air, and
COs in air is forced with two different model approaches
(according to Leuenberger and Lang [20], van der Valk
[43]) in order to estimate the thermal diffusion factor avp.
As expected from theory, comparison of data and model
output reveals that application of neither model leads to
a proper prediction of the seasonal thermal amplitude for
5'%0. In contrast, both models predict reasonable o in
case of CO..

The thermal diffusion factor for CO» in air seems to
be in the range between o = 57.3 - 107 (according
to Leuenberger and Lang [20]) and oy = G7.8 - 103
(according to van der Valk [43]). However, the variabil-
ity of the CO, data is on the same order of magnitude as
the thermal fractionation (0.7 ppmv in case of Halley, see
above). Thus, the ap derived for CO» with respect to air
should be confirmed by measurements or extrapolations
based on a firn air data set of higher sample quality.

In order to get a first idea about thermal fractionation
of 160, in air and "®0'°0 in air three different scenarios
were applied. In summary it can be concluded, that these
approaches lead to a realistic estimate for neither cvy. In
addition, the measurements of Waldmann [45] seem to
be questionable and furthermore, the applicability of the
linear mass dependence of the thermal diffusion factors
not possible for a gas mixture comprised by more than
two species (as already stated by Leuenberger and Lang
[20]). Thus, for a clear prediction of the thermal frac-
tionation factors of 3000 in air and 10, in air detailed
experimental investigations are required.

Seasonal oscillations observed in the firn air profiles
of CO, and the isotopes §'°N, and 60 act as expected
from theory during the entire year. The imprint of both,
seasonal atmospheric temperature variations and atmo-
spheric concentration oscillaltions are well reproduced
by the diffusion—temperature model. One exception is
the firn air profile sampled in February. The overestima-
tion of the seasonal thermal amplitude observed in case of
6'°N, and §'%0 is attributed to surface convection over-
laying diffusive mixing. A convective layer with a ver-
tical extension of not more than 0.5 m is expected for
Halley firn [47].

Seasonal concentration oscillations of £0.5 ppmv as
observed in the atmospheric COs history of Halley influ-
ence the firn air profiles only within the uppermost about
2.5 m. Furthermore, forcing the diffusion—temperature
model with a constant CO» input concentration leads to
a thermal amplitude for CO2 of not more than 0.7 ppmyv
corresponding to a temperature difference of about 10 K
between the surface and 5 m depth. In addition, thermal
diffusion leads to a CO5 shift of about 0.2 ppmv owing to
the temperature gradient of about 2 K between 7.5 m and
20 m depth in Halley firn. Thus, neither a concentration
seasonality of £0.5 ppmv nor thermal diffusion will lead
to considerable changes in the composition of the COx,
which is finally occluded into air bubbles at the close—off
level.

In order to improve the prediction of the thermal dif-
fusion effect by the diffusion—temperature model, more
reliable estimations of the thermal diffusion factors of
130160 in air, 10, in air, and CO3 in air are desirable.
To this end, a firn air data set of higher sample quality
would be helpful.
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A Estimation of the thermal diffusion factor

Thermal fractionation can be described as a concen-
tration gradient arising in an initially uniform gas mix-
ture owing to temperature differences within the mixture.
Usually the heavier molecules diffuse down the temper-
ature gradient towards the colder end, while the lighter
ones tend to the warmer regions. The concentration gra-
dient is counterbalanced by ordinary diffusion, until a
quasi steady state is established [12].

The magnitude of thermal diffusion is determined by
the thermal diffusion factor avp, which depends on the
concentration of the diffusing species and their molecu-
lar interactions. Interactions take place between like (i.e.
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molecules of the same type) and unlike (molecules of dif-
ferent types) molecules [29].

For the simulation of the molecular interaction forces
different molecular models are available in order to ex-
press the potential energy of the system as function of
the distance r in—between the molecules. A summary is
given on page 339 et seqq. in Waldmann [45]. For the
simulation of a7 the Lennard—Jones potential © is ap-
plied, as it also includes the temperature dependency of
ar. Attraction and repulsion forces are given in the gen-
eral equation from Lennard—Jones according to

a8 k K
F=-e—=— - —, 16
()f rv 'Z“”( ( )
where # and v refer to the repulsive and £’ and v/ 1o the
attractive force [45]. The theory applies to interactions
of non—polar, non-reactive spherical molecules like the
noble gases [45].

A.1 Molecular interaction based on the Lennard-
Jones (13,7) model
Leuenberger and Lang [20] applied an approach given
in Grew and Ibbs [12] to express the interaction forces
with the Lennard—Jones (13.7) potential (i.e. v = 13
and v/ = 7), which has been successful in accounting for
the equation of state and other properties of many gases
[12]. This approach requires an isotopic mixture, i.e. like
and unlike molecules can be assumed to interact with the
same law and accordingly, the collision integrals differ
only because of the different molecular masses. Further-
more, the mass difference M* of the molecules is as-
sumed to be small. Provided these conditions the thermal
diffusion factor can be expressed as [12, 20]

1M (C—1)(A+1)

e 17
T = TA(11 - 4B + 84) a7
where M* is the proportionate mass difference
My — M,
M= —= 18
M, + Ms (1)

My and M, are the molar masses of the gas species (see
Table 1). The variables A, B and C represent ratios of
the dimensionless integrals Qf—_j describing the collision
cross sections of two interacting molecules i, j. The col-
lision integrals depend on the quantity g For isotopic
mixtures o can be expressed directly as a function of
the k;f, where £ is the Boltzmann constant, 7" the tem-
peramrc and —e the potential energy of two molecules
at the equilibrium separation, i.e in the minimum of the
Lennard—Jones potential (% = 0 or attractive equal to
repulsive force, [12]). % is approximately equivalent to
Il, where T, is the critical temperature [12]. The critical
temperature is the temperature above which a substance
cannot exist in the liquid state, regardless of the pressure
[46]. Thus, given T as e.g. tabulated in Weast and Astle
[46], the dependency of ap from XL can be expressed by
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Figure 9:  Thermal diffusion factors o for '*>N**N to
“N,. Black lines represent the calculation of o ac-
cording to Leuenberger and Lang [20]. Measurements
carried out by Grachev and Severinghaus [11] (only "re-
cent” data are considered) for oo of >NYN to YNy in
pure Ny are depicted as grey squares. arp of >NY'N to
YN, measured in natural air are marked by black circles.
A logarithmic fit through a large amount of data from var-
ious authors (compare Leuenberger et al. [21]) for ar of
NN to YN, (dashed black line) matches well with the
measurements of Grachev and Severinghaus [11].

A, B and C as tabulated in Grew and Ibbs [12] (Table II
A on page 122) for equal proportions of the gas species
in a binary mixture, i.e. ¢; = ¢o = 0.5.

In Figure 9 thermal fractionation as function of tem-
perature 1" calculated with the approach of Leuenberger
and Lang [20] described above is compared with mea-
surements carried out by Grachev and Severinghaus [11]
(for "'N'N to ™Ns). As clearly visible in Figure 9a,
Leuenberger and Lang [20] (black line) slightly overes-
timate thermal fractionation of NN to "N, as mea-
sured by Grachev and Severinghaus [11] in pure nitrogen
(grey squares) and air (black circles). In contrast, a log-
arithmic fit (ap(7) = 0.00461198InT" — 0.02182912,
dashed black line) through a considerable amount of data
for ar of ’N'N to "N, provided by various authors
(compare Leuenberger et al. [21]) matches well with the
measurements.

As mentioned above, the approach of Leuenberger and
Lang [20] is applicable for isotopic mixtures only. In
contrast, our diffusion—temperature model (section 2) re-
quires a binary mixture. As a first approach Leuenberger
and Lang [20] applied the isotopic model to calculate the
thermal fractionation of the species %05, %00, and
COs in nitrogen. As atmospheric air consists of 78 %
nitrogen (Table 1) the approximation of the gas mixture
air by nitrogen should be appropriate. In order to de-
rive the ratios of the collision integrals A, B and C (see

— 265 —



above) Leuenberger and Lang [20] combined the critical
temperatures of nitrogen and of the corresponding sec-
ond gas species by weighting with the proportions on the
atmospheric air composition (Table 1). Following this ap-
proach, the o for the annual mean temperature in Halley
of about 254 K (Table 2) are summarized in Table 3.

A.2 Molecular interaction as described with the
Lennard—Jones (6,12) model
In order to model thermal fractionation of an isotopic
mixture in air, a theory to derive thermal diffusion factors
in polynary mixtures as given in van der Valk [43] shall
be discussed in the following. Fractionation in polynary
mixtures can be simulated by pairwise additive interac-
tions [29]. For equilibrium conditions the thermal diffu-
sion process can be expressed as (compare equation 6)

dey. = dlnT
o —ckj;cjnk}- P (19)

where ¢ 37, cjay; is the polynary thermal diffusion
ratio according to Waldmann [45] (with i,j. &k € N).
¢, Cj, ..., Cy are the concentrations of the n different gas
species in the mixture, where the condition Y _;_, ¢ = 1
has to be fulfilled. The «y; are arithmetric variables
(i.e. non measurable quantities) with «;; = —ay; and
ay; = 0. Based on Waldmann [45] the «;; are the re-
sult of a 4*" order determinant in the numerator and a 3"¢
order determinant in the denominator [43], namely

ayr 412 ... Qym 1
az Q2 ... G2, 1
det
In p2 cee Qpp 1
bri; bois bmi; 0O
si7 2,13 ake m,ij
ayy ... Om
det
pl  --- Onpm

The matrix elements a,, and b,;;, where r.s =

1,2,...,n are calculated in the following manner:
F* . mn F!
s = Cs Mgp Mg == + 6 oy — 21
Qrg = CgiMl gy :sEsr"" T E:](IE.;{ (21)
I VP R :
Y = —4d g E{j ;18.8=1
6C5 —5 . , (22)
bJ'U — 11_[,_!-15‘37-“ 1. =7

In order to solve equation 20 the following symbols and
variables have to be defined:

M;; and Mj; are the mass relations (compare also

equation 18) calculated according to

M;
My=—"_
M, + M;
g (23)
M M,

9T M+ M

where M; and M are the molar masses of the gas species
i and j (see Table 1).
The variables F;; and F7; follow the definitions

. 2 12 * 2
F,'_j = ()ﬂfij -I- (5 - T)BEJJFI'IJ*
16 "
+ = Mi; M A (24)

. 12 _, 16,
Fi=-11+ ?Bij + 3‘4?1:"

while the variables E;; are defined by

2 [ 2 Q%2 fg,)\?
E_- T i L . 25
ohimar () e

Similar to the constants A, B, C' mentioned above the ra-
tios of the collision integrals have to be defined for the
interaction of different molecules. According to Wald-
mann [45] and Hirschfelder et al. [15] this leads to the
following expressions for the A;, B; and C7;

ij?
. _ M3
i Q}i*
5912* o 4QI53*
B}; = % (26)
Q5
(9%
-,
Q1

where the results are all very nearly unity [45, 15]. The
star in the superscript implies the collision integrals Q‘:j*
applied to be relative to the collision integrals calculated
for the rigid sphere potential (compare Waldmann [45],
page 340, paragraph a). A list of the Q_‘Zj* needed to cal-
culate the Af;, B}; and C; is given in Hirschfelder et al.
[15] (Table I-M on page 1126 et seq.), while the combi-
nation of the two interacting gases i, j is implicitely ex-
pressed by the combined reduced temperature 7. The
reduced temperature is defined as T = % where £
can be approximated with + = 0.777. for spherical non—
polar molecules obeying the Lennard—Jones (6,12) poten-
tial [15]. Thus, T can be expressed as T = # fora
certain gas species, where T, represents the critical tem-
perature. In order to calculate the combined reduced tem-
perature as listed in Hirschfelder et al. [15], combination
rules for the energy parameters e forcing the Lennard-
Jones (6,12) potential have to be applied. A second force
constant necessary to drive the Lennard—Jones (6,12) po-
tential is the combined atomic diameter o ;.

For like interactions, i.e. ¢ = j these force constants
are tabulated in Hirschfelderet al. [15] (Table I-A on page
1110 et seqq.). In order to derive the force constants for
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gas 10% - ev (with respect to air at 254 K)

CO, 5732 6787
lﬁNl-]N 3.7 1)
1.1N2 -533)
18pl80 25002 (2353
1854 1523 12.79
160, (146)%2 (1393

1544 9.4 %) 7.96)

1) 43 %, according to Leuenberger et al. [21],

Grachev and Severinghaus [11]
2) according to Leuenberger and Lang [20]
3) according to van der Valk [43]

Based on Halley 680 profiles of 2003:
) case (i): cop (1900 fair) according to Waldmann [44]
) case (ii): according to equations 14 and 15 with

é-lti

8759 = 1.55 £ 0.04 (derived from Halley)
-
6) case (jii): according to equations 14 and 15 with :;T;% =18

Table 3:  Thermal diffusion factors o of different gas
species investigated in this study calculated with respect
to air for 254 K. Thermal fractionation of >N''N in
air V) is approximated with o of >’NY*N in "IN, from
the logarithmic fit of Leuenberger et al. [21] (ap(T) =
0.00461198 In T — 0.02182912), which fits the measure-
ments of Grachev and Severinghaus [11]. The values la-
beled with 2 refer to the approach of Leuenberger and
Lang [20], where the gas mixture air is approximated

with No. Label 3 marks the results of the model of

van der Valk [43] for a binary mixture of a gas with air.
Superscript ¥ to ®) refer to the ap of *0'°0 and %0,
in air as derived from the Halley 2003 6'20 profiles (see
legend and section 4.2 for detail).

unlike interactions, no rigorous physical framework ex-
ists [29]. The most widely used combining rule for the
prediction of the unlike force constants is the Lorentz—
Berthelot rule [29]. Unlike size parameters are combined
by an arithmetic mean according to

T + O—jj
2

&

where ;; and 0;; are the atmoic diameters for like inter-
actions. Based on little physical argument [29] combina-
tion of the energy parameters is achieved by the geomet-
ric mean

€5 = /e (28)
with €;; and € representing the energies for like interac-
tions.

This approach can be applied on a ternary mixture ¢y,
¢y in nitrogen. The ternal thermal diffusion factor a 5™
can be derived from combination of equation 19 applied
to the concentrations ¢; and ¢; in a third gas having the
concentration ¢g (Ng). Solution of the system of equa-
tions leads to the following expression for a5 [43]

afs™ = [aij + er(@ix — ajr — ayj)). (29)

In contrast to the a;; the af5"™ are measurable quantities.

However, as mentioned above, the model of van der
Valk [43] only applies to non—polar, spherical molecules,
i.e. noble gases (group 1CLI, i.e one—center Lennard—
Jones potential in Schnabel et al. [29]). N» and O3 in
contrast belong to the group of non—polar but elongated
molecules (2CLJ, i.e. symmetric two—center Lennard—
Jones potential) [29]. Thus, in order to properly pre-
dict the interaction forces of these molecules, models of
higher complexity are required.

Despite this limitation the model of van der Valk [43]
is used as an additional approach to estimate the thermal
diffusion factors for Ny, 130160, 160,, 40Ar, 30 Ar and
CO; in air. In contrast to the model applied by Leuen-
berger and Lang [20] the approach of van der Valk [43]
gives the advantage that the Lennard—Jones (6,12) poten-
tial is directly forced with the size and energy parameters
of the corresponding gas species.

Table 3 gives an overview of the thermal fractionation
factors vy obtained from the different model approaches
discussed above for the gas species investigated in this
study. Calculations are carried out with respect to air and
for T = 254 K. In addition, the results for the a of 190,
in air and '®O'%0 in air as derived based on the Halley
6180 profiles are given (superscripts ¥ to %)). The basic
assumption of case (i) is ar('%0y/air) - 103 = 15.4
according to Waldmann [44]. The a7y derived from cases
(i1)* and (iii)® are derived from solving equations 14
(additivity, van der Valk [43]) and 15 (mass dependence,
Leuenberger and Lang [20]) based on % = 1.554+0.04

(ii) or %]% = 1.3 (iii), respectively (compare section 4.2

for further detail).
B Depth correction

Since the in—situ firn air sampling system in Halley was
installed in February 2003 depth levels of both, firn air
sampling setup and thermistors, were shifted owing to
snow accumulation and settling of the firn. As the an-
nual accumulation of 367 kg m~2 a~! (corresponding
to about 1 m of snow; Table 2) is quite high in Halley
and furthermore, conditions affecting diffusion in the firn
column alter considerably in the uppermost meters of the
firn, sample levels have to be corrected.

To calculate this depth change. a 1—dimensional for-
ward model has been developed. The firn column is sep-
arated into boxes of about 0.5 m height and the depth
change due to densification and accumulation is calcu-
lated as a function of time. To simulate dynamic den-
sification of the firn, the Herron—Langway model [14]
is applied, while seasonal snow accumulation and sur-
face temperature obtained from the meteorological data
set (see Tables 2 and 4) are used as forcing parameters.

The empirical Herron—Langway densification model is
based on the assumption that during densification of firn
the change of porosity is linearly related to the change in
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day net acc. V) day net acc. !
(m snow) (m snow)
29.01.03 -0.081 30.07.03 0.032

19.02.03 0.051
26.03.03 0.295
30.04.03 0.094

27.08.03 0.139

25.09.03 0.051

28.10.03 0.290

15.05.03 0.037 26.11.03 -0.016

25.06.03 0.087 23.12.03 -0.044

) snow stake measurements, data provided by British Antarctic
Survey (BAS)

Table 4: Monthly mean net accumulation as forcing for
the Herron—Langway densification model. The net ac-
cumulation refers to the time elapsed since the previous
date (beginning of 2003 for January). Negative values of
the net accumulation, as observed for January, Novem-
ber and December reflect the amount of fallen snow to be
less than ablation by wind or sublimation.

stress due to the weight of the overlying snow [14]:

dp
Pice — P

= const - pdz, (30)

where p is the firn density in depth z. This leads to

dlIn p—*”_—p
¢ = 'dir p < pPss (31)
dln —P—
o' = S T (32)
: az s P55 = f Peos

where C' = const - p;.. (units m~!) represents densifi-
cation with depth for densities smaller than the critical
density (compare section 1) and accordingly, C"' the den-
sification for p > pss. The densifications C’ and C"
are derived from the CRYOSTAT core drilled in Halley
toC' = 0.09m ! and C” = 0.04 m~' [47]. In order
to derive an expression for the densification rate, the sub-

stitution dz = %dﬁ is applied to equations 31 and 32
leading to
dp A*
- = ice — D) 33
ar Dice (,{)T.Cf. P) P < pPss (33)
l A*
2 = C” (,(J-.irrf: . P) + P55 < P < Peo- (34)

dt Pice

Hence, dynamic densification of Halley firn is calculated
according to equations 33 and 34. The initial mean den-
sity profile on the other hand is approximated by applica-
tion of the Herron—-Langway model for stationary condi-
tions [ 14] based on Halley surface density pp, mean an-
nual accumulation A* and temperature 7' (compare Table
2).

From this initial density profile (at time £ = 0, i.¢ at
19.02.03) the snow mass m; of each box can be calcu-
lated according to

0 0
_ PitPin

Ms.i 3 (29,1 — 27) Auy, (35)

where 27,
and pg-'+1 are the densities at top of box i and box i + 1 (i
referres to the box midpoints) and A, = 1 m? is a refer-
ence area. To account for mass conservation the mass of
each box is held temporally constant.

Exemplarily the time interval between 19.02.03 and
30.04.03 shall be discussed. In this period 0.389 m snow
(compare Table 4) are accumulated on top of the original
surface from 19.02.03. The surface density py is assumed
to stay constantly at 394.4 kg m~3 (Table 2) during the
entire year, thus p__‘}”jzl = pﬂ = pg.

Densification as function of time, i.e. from { = 0 to
t =t + At, is calculated according to equations 33 and
34 for the top of each box i using a simple Euler forward
method:

— z_? is the 1—dimensional box volume, p?

Ap

p;_ra-i-l = Ll (p-;c:e. = p.[;] At + ,02. p < ps; (36)
Pice :
Apo

= (p-ice - .0?) At + ﬁ? (37)

P55 < P < Peo-
Thus, density ,a_’?-"“ at time t = ¢ + At depends on the
density at the top of box i of the previous timestep (i.e.
p? for the current example), the corresponding net accu-
mulation A* in ke m™2 s~! (i.e. A* in m snow times
po in equations 36 and 37), the ice density p;.. (Table 2)
and the densification C” or C”, respectively as estimated
from the initial density profile.

Taking into account mass conservation (mg ;

const. ¥ t), the new lower box limits 27! at time ¢ =

o
J
t + At are determined according to
m+l _ _m+l Ms.i
3 — ~j+1 T T m+¥1l: (38)

Pi

where the lower boundary 2! = 0 (at about 60 m
depth) is held constant over the time interval At. As the
densification rate dp/dt strongly decreases with depth,
this assumption should be appropriate (density increase
of less than 0.5 % at 60 m depth during one Aft, i.e.
between 19.02.03 and 30.04.03). Thereby, the density
P at the box midpoints is determined from linear in-
terpolation between p‘;”“ and p;’;jl corresponding to
the old box dimensions z{', 2} and 27, ,. New box mid-
points finally, are calculated from the avarage of the cor-
responding box limits at time ¢ = f + At according to
2 = 0.5+ (z}”“ + zj’r;‘]

This way, a density increase of nearly 10 % is calcu-
lated for the original surface snow of February 2003 (cor-
responding to about 1.1 m depth shift between February
and December of 2003) and still approximately 5 % at 5
m depth (i.e = 0.7 m offset in December 2003 compared
to February) For the same time period (i.e. 19.02.03 to
22.12.03) a density increase of only 1 % (correspond-
ing to about 0.4 m shift) is calculated for the 20 m depth
level. The depth shift of around 1.1 m of the surface level
is in good agreement with the total net accumulation at
28.10.03 of about 1 m snow (Table 2).
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As the effect of settling (and sintering) and accumu-
lation on the density profile are not separated in the
densification model of Herron and Langway [14] (com-
pare equations 33 and 34) ablation events as detected for
November and December 2003 (Table 4) cannot be con-
sidered (see Weiler [47] for details). Thus, in case of
the sampling date 22.12.03 depth levels are shifted by the
same offset as calculated for 28.10.03, i.e. the last date
with net accumulation (Table 4).

C Data normalization

Taking into account different configurations of the
mass spectrometer and variations of the working stan-
dard data are normalized. CO; profiles are shifted with
respect Lo atmospheric measurements carried out in Hal-
ley in 2003 [42]. Isotopes are normalized to 0 %¢ on
the surface, where it is assumed that the working stan-
dard has the same isotopic composition than the current
atmosphere.

Due to experimental problems during sampling in the

field, some of the profiles are of lower sample quality.
In order to identify such samples subjected to systematic
errors, the maximum or minimum shift required to nor-
malize the data set with respect to the surface is used as a
measure (normalization interval). Those samples, which
are not covered by the normalization interval are assumed
to be subjected to systematic errors and thus, eliminated.
Note, that the February profiles are not considered in this
respect, as rather surface convection than systematic er-
rors are the reason for the discrepancy between data and
model (see section 4.2).

Figures 10, 11 and 12 show the full data sets of the
species 6'°N, 4'0 and CO, together with the normal-
ization intervals (grey shaded areas). Samples are labeled
in the same way than described in Figure 5. Model runs
(lines) correspond to those discussed in section 4.2 (Fig-
ures 5, 6 and 7). The data set as discussed in section 4.2
is reduced to those samples, which are covered by the
normalization interval. Obviously systematic errors have
especially occured during the April and June sampling
(Figures 10b and ¢, 11b and ¢, 12b and c¢).
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Figure 10: 6'°N as sampled in Halley between February and December of 2003. Data points are labeled in the same
way, than described in Figure 5. Model runs correspond to those discussed in section 4.2 (Figure 5). The normalization

interval is represented by the grey shaded areas.
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Figure 11: The same figure as Figure 10 but for §'80. Model runs correspond to Figure 6 in section 4.2.
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Figure 12: The same figure as Figure 10 but for CO. The corresponding Figure in section 4.2 is Figure 7.
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