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Abstract. The age of firn air in Antarctica at pore close-off
depth is only known for a few specific sites where firn air has
been sampled for analyses. We present a model that calcu-
lates the age of firn air at pore close-off depth for the entire
Antarctic continent. The model basically uses four meteo-
rological parameters as input (surface temperature, pressure,
accumulation rate and wind speed). Using parameterisations
for surface snow density, pore close-off density and tortuos-
ity, in combination with a density-depth model and data of
a regional atmospheric climate model, distribution of pore
close-off depth for the entire Antarctic continent is deter-
mined. The deepest pore close-off depth was found for the
East Antarctic Plateau near 72° E, 82° S, at 150+15m (20).
A firn air diffusion model was applied to calculate the age of
CO at pore close-off depth. The results predict that the old-
est firn gas (CO; age) is located between Dome Fuji, Dome
Argos and Vostok at 82° E, 83° S being 15622 (1o) years
old with an age distribution of 103 years. At this location
an atmospheric trace gas record should be obtained. In this
study we show that methyl chloride could be recorded with
a predicted length of 187 years (mean age of methyl chlo-
ride) as an example for trace gas records at this location. The
longest record currently available from firn air is derived at
South Pole, being 80 years.

Sensitivity tests reveal that the locations with old firn air
(East Antarctic Plateau) have an estimated uncertainty (20)
for the Modelled mean CO; age at pore close-off depth of
30% and of about 35% for locations with younger firn air
(mean CO; age typically 40 years). Comparing the modelled
age of CO, at pore close-off depth with directly determined
ages at ten sites yielded a correlation coefficient of 0.90 and
a slope close to 1, suggesting a high level of confidence for
the modelled results in spite of considerable remaining un-
certainties.
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1 Introduction

Air trapped in the open pores of a firn layer is ideal to acquire
temporal records of atmospheric composition over the past
20-150 years. The Antarctic firn layer is known as a porous,
permeable layer of snow on top of the ice sheet, which is
compressed by the overlaying snow pack. In Antarctica this
firn layer is typically 50-150 m thick. Because of the porous
structure of the firn layer, large firn air volumes can be sam-
pled and a wide range of trace gas analyses become possible.
The possibility to study a wide range of trace gases is the
biggest advantage of firn air analyses over the analyses of air
trapped in bubbles and therefore explains why we want to
find the oldest firn air.

With a firn diffusion model (Schwander et al., 1993; Rom-
melaere et al., 1997; Trudinger et al., 1997) vertical con-
centration profiles measured in a firn layer can be trans-
lated to historical time series of a particular gas in the at-
mosphere. Using this method, Butler et al. (1999) obtained
records for CFCs and chlorocarbons at South Pole station,
Siple Dome and Tunu (Greenland). Brominated methanes
were recorded by Sturges et al. (2001) in air sampled at
Dronning Maud Land, Dome C and Berkner Island. Con-
centrations of CO; and CFCs at Law Dome were measured
by Trudinger et al. (1997, 2002); non-methane hydrocarbons
(ethane, propane and acetylene) were measured by Kaspers
et al. (2004) for Dronning Maud Land. All the locations of
previous firn air analyses are shown in Fig. 1. In this pa-
per, we combine the information available from these exper-
iments to model the mean and effective age of CO, at pore
close-off depth (PCOD) in Antarctica. This enables us to
predict where the greatest PCOD can be found, and what the
corresponding age of CO; at PCOD is and the modelled un-
certainty of the age.
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Fig. 1. Locations of the firn air sites used in this study. Elevation
and meteorological conditions for these sites are given in Table 1.

The effective age depends on the atmospheric growth rate
of CO» in the atmosphere, other chemical species will there-
fore have an other age, and the mean age as defined by
Trudinger et al. (2002) will therefore be slightly older. We
would like to note that the PCOD in this study is defined as
a specific depth based on a specific close off density value
unlike a depth range as mentioned in some other studies. To
account for the close off range we systematically varied the
density profile 5%(20) calculated from a density model in
this study.

The following section explains how we use meteorologi-
cal data to obtain the parameterisations for tortuosity, surface
density and density at PCOD. We also briefly describe the
diffusion model we have used. In Sect. 3, we present sur-
face density and PCOD as well as the age of CO, at PCOD
for the entire Antarctic continent. This section also covers
sensitivity experiments carried out to quantify the influence
of uncertainties in the density and tortuosity profiles on the
modelled firn CO, age. We summarise our conclusions in
Sect. 4.

2 Methods

To derive the age of firn air at PCOD one needs:

— The vertical velocity of air in the firn layer, derived from
a firn air model (Sect. 2.1);

— The snow density profile p(,), including the surface den-
sity (po) (Sect. 2.2);
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— The density at PCOD (pco)(Sect. 2.2);

— The tortuosity profile, which is a measure of the 3D pore
structure (Sect. 2.2);

2.1 Firn air model

We applied the firn air diffusion model based on the concepts
proposed by Schwander et al. (1988, 1993) to calculate the
age of CO, at PCOD. The model is described briefly here;
a more detailed description is given in Kaspers et al. (2004).
The model calculates the flux j; ;) of air into the firn column,
which depends on the flux of molecular diffusion jpiffusion
and the flux due to gravity joravity (Eq. 1).

aC;; Mgz
: — ). 1
9z * RT M

Jz,t = JDiffusion + JGravity = —D; (

Here, D, is the diffusion coefficient (m> a='), 9C,,/dz is
the variation of the time-dependent concentration(C; ;) with
depth (z), Mgz/RT describes the settling due to gravity with
M the molecular mass (for CO,, 44 g/mol), g the gravita-
tional constant, R the gas constant and 7 the annual mean
surface temperature (K). The diffusion coefficient D, is de-
scribed in more detail in Eqgs. (2) and (3) (Schwander et al.,
1993; Spahni et al., 2003).
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The diffusion coefficient D) is a function of the gas specific
diffusion coefficient Dj;, a correction term for atmospheric
temperature and pressure D, (;), the open porosity Topen(z)
and the tortuosity structure y(;). Equation (3) describes the
correction term for temperature and pressure. In this equa-
tion, Ty and Py are 253 K and 1013 hPa, respectively.

The open porosity can be determined from a semi-
empirical relationship presented by Schwander (1989). In
this relation, the open porosity is expressed inversely propor-
tional to the density profile, which makes the density profile
an important parameter in the diffusion model. Most of the
firn air diffusion studies for specific sites apply a curve fit
through a measured density profile (Schwander et al., 1993;
Trudinger et al., 1997). To extrapolate results over all of
Antarctica, we applied a firn density model. The choice of
the density-depth model is described in detail in Sect. 2.2.

Another important site-specific parameter in the diffu-
sion model is the tortuosity profile y(;) (Spahni et al., 2003;
Schwander et al., 1993). This profile is the main tuning pa-
rameter in the diffusion model and represents a correction
term for the three-dimensional structure of the open porous
firn. The tortuosity profile is described as

Ve ="Va+ (1- Va)(ﬂopen(z))_yb- 4)

www.atmos-chem-phys.org/acp/4/1365/
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Fig. 2. Input parameters derived from the Regional Atmospheric Climate Model (RACMO/ANT) (van Lipzig et al., 2002) for annual surface
temperature in K (a), annual surface pressure in hPa (b), accumulation rate in m.w.eq.af1 (measured by Vaughan et al., 1999) (c), and wind

speed at 10m in ms~! (d).

Here, y, and y}, are constants derived by tuning the diffusion
model with a measured CO; profile. If the CO; profile is
not available for a location, we need a parameterisation for
the tortuosity constants (), and y}). This parameterisation is
described in Sect. 2.2.

www.atmos-chem-phys.org/acp/4/1365/

The effective age at PCOD can be derived from a mod-
elled CO; profile. We used the concentration history of at-
mospheric CO; as upper boundary condition in the diffusion
model: for 1750 to 1976 derived by Neftel et al. (1985) from
the Siple Dome ice core and for 1976 to present from directly
measured NOAA-CMDL South Pole data. We constructed a
CO; concentration profile in the firn layer for 150 layers in

Atmos. Chem. Phys., 4, 1365-1380, 2004
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Table 1. Locations and elevations of ten firn core sites used for the parameterisations. The observed meteorological conditions are included;
T is the annual surface temperature (7 10 m), A the accumulation rate obtained from the referenced studies, P the annual surface pressure
and W the wind speed at 10 m derived from RACMO (except the P and W values for Tunu, these values were obtained from automatic

weather stations).

Site Location Elevation T (K) A P W10m PCOD AgeCOp Ref.

(m) 10m (m.w.eq.a_l) (hpa) (ms) m years
M 75°S,15°E 3453 221.7 0.05 615 5.7 101.7 43 Broeke et al. (2004)
S20 70°15'S, 4°49”E 48 255.5 0.28 993 7.4 52.7 21 Broeke et al. (2004)
DML 77°8S,10°W 2300 238 0.10 730 6.4 74 32 Sturges et al. (2001)
Dome C 75°8S,123°E 3240 220.2 0.03 655 5.0 98.6 40 Sturges et al. (2001)
DEOS-2 66°43'S, 113°12'E 1250 254 1.1 850 7.0 85.2 36 Trudinger et al. (1997)
DSS 66°46' S, 112°48' E 1370 251 0.60 825 6.9 52.2 12 Trudinger et al. (1997)
South Pole  90°S 2841 223.8 0.073 680 6.0 119 93 Butler et al. (1999)
SipleDome ~ 81°40'S, 148°49' W 600 2478 0.138 970 6.0 56.8 39 Butler et al. (1999)
Vostok 78°28'S, 106°48' E 3502 217.65 0.022 632 5.0 98 90 Bender et al. (1994)
Tunu? 78°01'N, 33°59'E 2400 2442 0.092 717 6.3 64 67 Butler et al. (1999)

4 Located in Greenland.
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Fig. 3. Parameterisations of pg, pco and y}, as a function of the measured and obtained values at the ten specific sites, listed in Table 1. Note

that some values are overlapping

the vertical. Each vertical grid cell contains the same amount
of air; therefore, the grid cell size increases near pore close-
off, which is approximately 1 m for a site were the PCOD is
100 m. The CO, concentration at PCOD corresponds to the
mean age of CO, at PCOD.

To be independent of the growth rate of atmospheric CO;,
we used a block function as atmospheric history at the sur-
face to calculate the mean age of CO, at PCOD. Because of
a smaller concentration gradient in time for the block func-
tion then for the atmospheric CO, history, the mean age is
expected to be older than the effective age for CO;. This
block function represents 300 model years with the first year
having a concentration of one and the following years zero.
The mean age and age distribution can be calculated using
this block function as described in Schwander et al. (1993)
and Trudinger et al. (2002). The age distribution is a mea-
sure for the amount of mixing of firn air from different ages,
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the larger this age spread the more mixing of different aged
air occurs. The age distribution is defined as the full width
of the age spectrum at half height at PCOD, as defined by
Saltzman et al. (2004).

After we parameterised the site-specific density and tortu-
osity profiles with annual meteorological variables, we used
the diffusion model in combination with the Regional Atmo-
spheric Climate Model (RACMO/ANT) and the measured
accumulation field of Vaughan et al. (1999) for modelling
the age of CO, at PCOD for entire Antarctica. The RACMO
model covers the Antarctic continent with a horizontal grid
spacing of 55 km, which is the resolution for the present work
as well. RACMO is validated and described in more detail
in Van Lipzig et al. (1999 and 2002). Figure 2 shows the
meteorological input fields.

Note that the meteorological dataset we have used in
this study does not account for mega dunes, melt-layers or

www.atmos-chem-phys.org/acp/4/1365/
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wind-drifting snow. Melt-layers and mega dunes might have
some important effect on the diffusion rate of the firn air in
the firn layer. Melt-layers can block the diffusion process,
which will result in older firn air at PCOD that estimated in
this study. Severinghaus (personal communications) showed
that mega dunes will effect the convection of the air in the
firn layer near the surface. Due to mega dunes the convec-
tion is increased, resulting in faster diffusion rates at the top
of the firn layer, this in turn might affect the age of firn air at
PCOD being slightly younger than estimated in this study.

2.2 Parameterisation of the density and tortuosity profiles

In order to apply the diffusion model over Antarctica, we
have to parameterise a number of site-specific parameters
and choose a convenient density-depth model to calculate
P(z)- The latter is chosen after comparing six density-depth
models with the measured density depth profiles of the ten
firn air sites (indicated in Table 1). This comparison in de-
scribed in more detail in this section with caption “Compari-
son study of several density-depth models”.

To obtain the site-specific parameters pco and y(z), we ap-
plied the firn air diffusion model for nine sites in Antarctica
and one in Greenland. Table 1 lists the locations and mete-
orological conditions of these sites. The measured density
profiles were used as input for the diffusion model and the
site-specific parameters pco and y(;) were derived after op-
timising the model for the measured CO, profile. The site-
specific variables are parameterised as a linear function of the
annual temperature, accumulation, surface pressure and wind
speed as derived from RACMO and Vaughan et al. (1999)
(the small data set of only 9 measurements does not jus-
tify a more sophisticated approach) and different variables
were tested, using a standard statistical F test (95% confi-
dence limits). We have chosen this statistical approach, as
the physical meaning of the pore close-off density and tor-
tuosity is not completely understood and the data set is too
small to justify a detailed physical interpretation. We discuss
each site-specific parameter (pg, pco and y;) separately and
conclude this section with a comparison of the modelled ages
of CO, at PCOD and firn air age data given in site-specific
studies.

2.2.1 Comparison study of several density-depth models

In literature a number of density models are described in
the past. Most of these density models are based on
semi-empirical relations, like Herron and Langway (1980),
Barnola et al. (1991)(density model of Pimienta), Kameda
et al. (1994), Craven and Allison (1998) and Spencer et
al. (2001), whereas the density model of Arnaud et al. (1998)
relays on the physical processes of grain-boundary sliding
and power-law creep. Because all these density-models use
meteorological parameters (temperature, accumulation, sur-
face pressure and wind speed) as input parameters, they can

www.atmos-chem-phys.org/acp/4/1365/
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all be used in this study. For this reason we have compared
the models of Arnaud, Craven and Allison, Herron and Lang-
way, Kameda, Pimienta and Spencer with ten measured den-
sity profiles (nine for Antarctica and one for Greenland, Ta-
ble 1). We determined the root mean square error over the
entire density profile (every 0.1 m) between the density pro-
file obtained from the density model and the measured den-
sity profile. The models of Arnaud, Pimienta and Herron
and Langway deviated less than 2.5% on average for the ten
measured density profiles, being therefore the most accurate
density models from this comparison. All three the models
yield density profiles very similar to each other. Although,
according to Barnola et al. (1991), the model of Herron and
Langway over estimates the PCOD by 10m at South Pole
(using an accumulation rate of 8 cm.w.eq.a~!). Nevertheless
we have decided to use the Pimienta and Herron and Lang-
way model in our diffusion study, because: a.) it has been
validated for a wide climatic range from the polar plateau to
costal sites which is not the case for the Arnuad model as far
as we know. b.) it is easy to implement over the entire con-
tinent, whereas the Arnuad model needs some arbitrary site
specific tuning for two parameters. The pimienta model was
used as control tool to determine the influence on the main
results in terms of PCOD and of age of CO; at PCOD for the
choise of the density model.

It might be noted that the choice of a density-depth model
will probably have a smaller effect on the accuracy of the
combined diffusion-climate model to determine the age of
CO» at PCOD, compared to the other uncertainties involved,
particularly, the tortuosity profile and the accuracy of the
meteorological input parameters obtained by the RACMO
model.

2.2.2  Surface snow density

The surface snow density (pp) is the upper boundary condi-
tion in the Herron and Langway density-depth model, which
makes po an important parameter. We have used 40 individ-
ual measurements (Appendix A) to parameterise pp to an-
nual meteorological variables. The parameterisation is given
in Eq. (5).

po=0o1+ BT +51A+eW. 5)

The constants a1, B1, 81 and &1 are given in Table 2. T is
the annual average surface temperature in K (contributing
~70%), A the accumulation rate in m.w.eq.a~' (~2.5%) and
W the annual wind speed in m s~! at 10 m above the surface
(~7.5%). Figure 3 displays the correlation between the ob-
served surface snow density for the ten sites (Table 1) and
the po values calculated with Eq. (5). The derived correla-
tion coefficient between measured and parameterised values
is r2 =0.83 (99.9% confidence level).

Atmos. Chem. Phys., 4, 1365-1380, 2004
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Table 2. Parameterisation constants from Egs. (5), (6) and (7) to couple pg, pco and yg to meteorological variables.

o B 8 e [0 lo
oo 1.36:1072  1.06:1073  6.69-1072  4.77.1073 0.023
0CO 1.04 —1.0-1073  2.66-1072 0.006
b 1.72 —8.4-107° 1.124 2651073 0.27

2.2.3 Pore close-off density

The pore close-off density (pco) is used in the diffusion
model as a marker for the location of PCOD. We have ob-
tained the pore close-off density from ten sites (Table 1) to
parameterise this parameter to annual meteorological vari-
ables and we used the parameterisation of Martinerie et
al. (1994) for comparison (Sects. 3.1 and 3.2.). The param-
eterisation of Martinerie et al. (1994) is only a function of
temperature and in shown in Eq. (6a). According to Mar-
tinerie et al. (1994), the pore close-off density has typically
a value between 800 and 830 kg m—3, being strongly site de-
pendent. The result of the parameterisation of ten sites is
given in Eq. (6b).

Pice

with V, = 6.95107* 7 — 0.043
PiceVC +1

pco = (6a)

pco = a2 + BT + 52A. (6b)

V. in Eq. (6a) represents the volume of air at pore close-off.

In Eq. (6b), constants oy, B> and §, are listed in Table 2.
Temperature contributes approximately 30% and accumu-
lation 3% to pco in equation 6b, therefore oy contributes
67(%) to the explained variance. We obtained a negative
value for B, and a positive value for §,, which means high
values for pco at locations with low temperatures and high
accumulation rates (high values are found for, for example,
the Antarctic Plateau). The correlation coefficient between
the observed pco and the pco calculated with Eq. (6) is
2 =0.86 (99.9% confidence level), as shown in Fig. 3.

2.2.4 Tortuosity

Fabre et al. (2000) studied the measured tortuosity profile for
5 small individual samples taken from four sites on Antrac-
tica. From these measurements, they found a linear rela-
tionship between the open porosity and the tortuosity. Be-
cause this linear relationship is very sensitive to the poros-
ity changes at the surface, which are unknown, Fabre et
al. (2002) concluded that this reationship can not be implied
on real firn. In this study the tortuosity for the ten sites was
derived by tuning each site using the measured CO; pro-
file and relies therfore on equation 4. Values between 0.92
and 0.98 were found for the tortuosity constant y,, after tun-
ing the diffusion model for each site. This parameter does
not show any significant correlation with any meteorological
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variable. Because y, does not strongly vary among the sites,
we decided to use a constant value of 0.9540.03. Values for
yp were obtained after tuning the nine sites listed in Table 1,
again assuming y, constant and equal to 0.95. Equation (7)
describes the parameterisation for yj«.

vo =03+ B3T +863A + @3 P @)

The constants a3, 83, 63 and @3 are listed in Table 2. Here,
yp is described as a function of annual surface temperature
(contributing ~5%), accumulation rate (~1.5%) and annual
surface pressure (~60%). The combination of annual surface
temperature and accumulation rate in Eq. (7) and the signs of
the parameterisation constants (8 and §) for these two vari-
ables suggest a strong dependence on density. The pressure
dependence in Eq. (7) can be understood because the tortu-
osity is the main tuning parameter in the diffusion model, in
which atmospheric pressure is an important parameter. The
tortuosity is a function of porosity, capillary radius and capil-
lary pressure (Cunningham and Williams, 1980), which also
accounts for the pressure dependence in Eq. (7). Figure 3
presents the accuracy of the parameterisation of y,. The cor-
relation coefficient for the modelled y;, and the parameterised
vy (Eq. 7)is 2 =0.73 (99.9% confidence level).

To determine the accuracy of the diffusion model with all
three parameterisations included, we compared the modelled
CO, age at PCOD with the firn air age described in site-
specific studies (Butler et al., 1999; Sturges et al., 2001;
Trudinger et al., 1997, 2002; Bender et al., 1994, Kaspers
et al.,, 2004). In this modelling experiment we have used
the measured meteorological conditions for all ten sites and
used the parameterisations to account for the site-specific pa-
rameters. Figure 4 shows the comparison. We included the
obtained uncertainty (20') for the modelled age in this graph
(described in detail in Sect. 3.3). The correlation coefficient
(r%) for modelled CO5 age in firn air at PCOD and the age
determined with site-specific parameters is 0.90. This high
correlation and slope close to 1, suggests that our derived pa-
rameterisations used in the firn air diffusion model yield good
results and justify the extrapolation over entire Antarctica.

www.atmos-chem-phys.org/acp/4/1365/
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Fig. 4. Comparison between the modelled age of CO, at PCOD,
using the parameterisations for pg, pco and yp (including the model
uncertainty, 20), and the obtained age of CO, at PCOD derived
from site-specific studies (listed in Table 1).

3 Results
3.1 Results for density

Figure 5 displays the modelled surface snow density field.
High surface snow density is found near the coast in East
Antarctica and on the Antarctic Peninsula. The high val-
ues are due to the effect of temperature and accumulation
and, to a lesser extent, to that of wind speed. On the Antarc-
tic plateau, the surface snow density is on average between
320-360kg m™3, mainly as a result of the low surface tem-
peratures (the structure of Fig. 2a is clearly visible in Fig. 5).
The blue ice areas are visible with high surface densities, for
example near the Amery ice shelf. The high values on these
blue ice areas are a result on the model set-up, when the ac-
cumulation rate was zero or even negative the surface density
was set to the density of ice.

To model the density profile over the entire Antarctic con-
tinent we have used the snow surface density field as input
parameter in the density depth model of Herron and Langway
(1980) and Pimienta. In Fig. 6a we present the PCOD over
Antarctica derived from the Herron and Langway model, us-
ing the parameterisations for the surface snow density and
the pore-close off density (Eq. 6b). In Fig. 6b the difference
is presented between Herron and Langway and Pimienta in
PCOD. In this figure the results from Pimientas model are
subtracted from the Herron and Langway results (Fig. 6a.
Apparently the density model of Pimienta estimates typically
2-14m less deep PCODs on the Antarctic plateau and 6—
14 m deeper PCOD near the coastal areas and ice shelves.
It should be noted however, that the difference between the
density models is smaller than the derived uncertainty when
a (20) (5%) deviation of the density profile is taken into ac-
count.

The deepest PCOD’s are found by both models, high on
the Antarctic plateau between Dome Fuji and Vostok, mostly
due to the low temperatures, whereas low values for PCOD

www.atmos-chem-phys.org/acp/4/1365/
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Fig. 5. The surface snow density field in kg m~3, calculated using
Eq. (5) in combination with Table 2.

are found on West Antarctica and the coastal sites. Again the
blue ice area at Amery ice shelf is clearly visible, with PCOD
values of zero.

Although both the Herron and Langway model and the
model of Pimienta presents similar patterns and the location
for the deepest PCOD is in both models the same, the PCOD
for the location is slightly different being 150 m and 138 m
for Herron and Langway and Pimienta respectively.

To understand the relation between temperature, accumu-
lation and PCOD presented in Fig. 6, we derived a contour
graph (Fig. 7) from a theoretically study with the Herron and
Langway model. The dots in Fig. 7 represent the ten firn sites
used in this study. Here, the accumulation ranges from 0 to
1.2m.w.eq.a”! and temperature from 210 to 260 K. The fig-
ure indicates that the rather uncommon combination of low
temperature and high accumulation will generally result in a
deeper PCOD, which is consisted with other density depth
models (Arnaud et al., 1998; Barnola et al., 1991; Kameda
et al., 1994; Craven and Allison, 1998; and Spencer et al.,
2001). This uncommon combination can explain the rela-
tively deep PCOD at the South Pole (119 m) compared to
Site M and Dome C (98.6m). The two latter sites have a
lower annual mean surface temperature, but because South
Pole has a higher accumulation rate, the PCOD at South Pole
is deeper then the PCOD at Site M and Dome C. However,
the deepest pore close-off (150 m) was found for 72° E, 82° S
near Dome Argus, where temperature and accumulation are
both low.

Atmos. Chem. Phys., 4, 1365-1380, 2004
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Fig. 6. (A)Depth of the PCOD in m, calculated with the density-depth model of Herron and Langway (1980). The location with the deepest
PCOD, being 150+15 m(20), is found for 72° E and 82° S. (B) Difference in PCOD in m between the PCOD calculated by Herron and
Langway (1980) model and the Pimienta (Barnola et al., 1992) model. The difference is presented as Herron and Langway minus Pimienta.

To determine the influence of the pore close-off density pa-
rameterisation, we included the pore close-off density param-
eterisation of Martinerie et al. (1994) (Eq. 6a) in this study. In
Fig. 8, we present the difference in derived PCOD when both
pore close-off density parameterisations were used. For the
deepest PCODs found on the Antarctic plateau this results in
a increased PCOD of 3 to 4 m when the parameterisation ob-
tained in this study is used compared to the parameterisation
of Martinerie et al. (1994). For most parts of Antarctica a de-
crease of the PCOD is found relative to our parameterisation,
with the exception of places where the accumulation rate is
very high (Peninsula and Law Dome). The parameterisation
of Martinerie et al. (1994) only depends on the surface tem-
perature, whereas the parameterisation obtained in this study
includes the accumulation rate as well. For this reason we
prefer our parameterisation for the pore close-off density in
the diffusion model.

3.2 Age of CO; at PCOD

For each grid point, the diffusion model yields the CO, con-
centration at PCOD. From the known history of CO», the
CO; effective age of the air at PCOD can be readily deter-
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mined (Schwander et al., 1993). Figure 9a shows the re-
sults. The model uning Herron and Langway density model
predicts that the oldest CO; in firn air is located in an area
between Dome Fuji, Dome Argos and Vostok. This area is
characterized by a large PCOD, low temperatures and rela-
tively high atmospheric pressure and accumulation compared
to the domes. This can be understood as follows. At the low-
temperature locations, the PCOD is deep. The age of CO; at
PCOD is furthermore depended by the diffusion rate. Here
temperature had a direct effect on the diffusion rate; at low
temperatures the diffusion rate is low, yielding older air at
PCOD. For low surface pressure the effect on the diffusion
rate is opposite to that of temperature.Because molecules col-
lide less to each other at lower pressures, the diffusion rateb
will be faster at lower pressures. The result of Fig. 9a is con-
sisted with the conclusions of Fabre et al. (2000), where they
studied the tortuosity and diffusion rate for 4 sites on Antarc-
tica. The model predicts the oldest effective CO; age in firn
air at PCOD to be 125 years and that it can be found at 43° E,
78°S.

In Fig. 9b the effect of the choice for the density model
is presented. Here the difference in effective age for CO;
calculated with the Herron and Langway model minus the

www.atmos-chem-phys.org/acp/4/1365/
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Fig. 7. Theoretically determined PCOD, using the density-depth
model Herron and Langway (1980). The contour plot represents
different PCOD’s in m with varying annual surface temperatures
and accumulation rates, varying from, respectively, 210 to 260 K
and 0.01 to 1.2 m.w.eq.afl. The dots represent the PCOD’s of ten
sites (Table 1), these show the same pattern as the theoretically de-
rived lines.

effective age for CO, calculated with the Pimienta model is
presented. Due to the less deep PCODs calculated by the
Pimienta model, the effective age for CO, is approximately
10 years younger than when calculated with the Herron and
Langway model for the Antarctica Plateau. Like the choice
of the density model also the pore close off density param-
eterisation influences the calculated age of firn air at PCOD
and the location of where the oldest air can be found. To
investigate the influence of the pore close-off density param-
eterisation on the effective age of CO, at PCOD, the param-
eterisation of Martinerie et al. (1994) is used. The effective
ages of COy at PCOD are within the same order of magni-
tude and deviate approximately 2—5 years with respect to the
results using Eq. (6b); And 2. the location of the oldest firn
air can be found in the area between Dome Fuji, Dome Argos
and Vostok, consistent with Fig. 9a.

To be independent of the strong growth rate of atmospheric
CO;, in the recent history, we have used a block function to
simulate the atmospheric history at the surface to calculate
the mean age of CO» as presented in Fig. 10a. The procedure
is also adopted by Schwander et al. (1993) and Trudinger et
al. (2002). The results of Fig. 10a are derived from the diffu-
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Fig. 8. The difference in PCOD obtained from calculating the
PCOD using the pore close-off density parameterisation of Eq. (6b),
minus the PCOD calculated using the parameterisation of Mar-
tinerie et al. (1994) (Eq. 6a). The difference in PCOD is presented
in metres.

sion model with the density model of Herron and Langway
is incorporated. The use of the block function yielded an
age spectrum of different aged air at PCOD, which enabled
the age distribution to be calculated over the Antarctic con-
tinent as presented in Fig. 10b. Because the diffusion rate of
firn air is dependent on the concentration gradient in time at
the surface, the mean age presented in Fig. 10a is older than
the effective age of CO; presented in Fig. 9a and the exact
location where the oldest firn air can be found is also dif-
ferent. Overall, like Fig. 9a, the oldest firn air can be found
at the Antarctica plateau, on a location with very cold an-
nual temperatures, relatively high accumulation rates and rel-
atively high surface pressures. Similar to the mean age, the
largest age distributions are found on the Antarctic plateau
(Fig. 10a). The firn air with the oldest mean age is expected
be 156 years and can be found at 83°S, with an expected
age distribution of 103 years. The youngest firn air at PCOD
can be found at the coast and at the coastal side of the moun-
tain ranges (specifically near the Trans Antarctic Mountains).
The low age of CO, at PCOD near the mountains is mostly
due to relatively high temperatures found at these locations.
The oldest air outside the East Antarctic plateau at PCOD is
found on Berkner Island.

Atmos. Chem. Phys., 4, 1365-1380, 2004
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Fig. 9. (A)The effective CO, age at PCOD in years for the entire Antarctic continent using the Herron and Langway density model. The
oldest CO, at PCOD, being 125419 years (1o), is predicted as located at 43° E and 78° S. (B) repreents the difference in CO, effective age
when the Herron and Langway or the Pimienta model is used. Here the effective age using the Pimienta density model is subtracted from the

results using the Herron and Langway density model.

As an example for trace gas records, we predict a mean age
of 187 years at PCOD for methyl chloride at 82°E, 83° S.
The difference in mean age between methyl chloride and
CO;, is due to the different molecular mass and gas specific
diffusion coefficient (D13) of methyl chloride versus CO;
(Kaspers et al., 2004). Sampling firn air at 82° E, 83° S, will
therefore significantly lengthen the present longest firn air
record from South Pole, being 80 years (Butler et al., 1999).
Such data could be compared with measurements of methyl
chloride concentrations in Siple Dome ice presented by Ay-
din et al. (2004), showing a sinusoidal (~100 year period)
atmospheric concentration over the past 300 years.

3.3 Deriving the model uncertainty

We performed a number of sensitivity tests to estimate the
uncertainty in the modelled PCOD and firn air age. We tested
the effect of errors in the parameterisations of pco, ¥» and the
parameterised density profile. pco and y; are important for
the location of the PCOD and the open pore structure of the
firn layer, while errors in the density profile will introduce an
error in diffusion over the total firn air column.

We varied pco by 12 kg m™3 (twice the uncertainty of
the parameterisation). This typically introduced a change
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of 5m in the PCOD at the ’deep’ locations (PCOD deeper
than 100m) and 1 to 2m deviation at the more ’shallow’
locations (around 60m). This change produced a change
of approximately 12% in the mean age of CO, at PCOD.
Varying the tortuosity profile (y,) with twice the uncertainty
(15%) yielded a deviation of 30% for the mean age of CO;
at PCOD. So the results appear to be more sensitive to the
uncertainty in y} than in pco.

We systematically varied p(;y with 5% along the entire
profile, at 0.1 m resolution, which is twice the uncertainty
of the Herron and Langway model. This had a significant
effect on the PCOD and the age of CO, at PCOD. Figure 11
shows the derived uncertainty (20) for the PCOD. The ef-
fect is most pronounced for the East Antarctic Plateau. For
the deepest pore close-off location (150 m) at 72°E, 82° S,
a 15 m uncertainty is found, being 10% (20). The deviation
of the density profile yielded typically an uncertainty (20") of
15-20% over Antarctica (Fig. 11) for determining the PCOD.
This yields an uncertainty of approximately 30% in the mean
age of CO, at PCOD.

To determine the uncertainty (20) in the mean CO, age
at pore close-off, all three uncertainties (twice the values
given in Table 2 for pco and y}, and 5% for the Herron and
Langway density model) were imposed. Figure 12 displays

www.atmos-chem-phys.org/acp/4/1365/
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Fig. 10. (A)The mean CO, age at PCOD in years, calculated using a block function for the atmospheric history as presented in Trudinger
et al., 2002. The mean age is calculated to be 156424 years at 82° E, 83° S (B) The age distribution at PCOD, defined as the full width at
half height (Saltzman et al., 2003) for the mixing of ages at PCOD. For the location 82° E, 83° S the age distribution is calculated to be 103

years.

Table 3. Parameterisation constants from Egs. (7), (8) and (10)
relating the final model results directly to meteorological variables.

o B 8 ® lo
hpco 500 -1.8 0.34 10
MeanAgeco,, pcob 445 —-198 0.065 0.090 21
AgeDistributionco, pcop 629 —2.74 0.080 13

the result. The largest absolute deviations are found for the
plateau. At 82°E, 83° S, the location of the oldest firn air, the
uncertainties are 22 years (1o) and 35 years (20) for 156-
year-old air. Overall, the mean age of CO, at PCOD has an
average uncertainty of 35% (20°) for locations with younger
firn air (around 40 years) and of 30% (2¢) for locations con-
taining old firn air (100 years and older).

3.4 Parameterisations of the results

From the obtained results (Sects. 3.1 to 3.3), a second pa-
rameterisation step is proposed. Here, parameterised formu-
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las have been formulated to calculate the PCOD (hpco), the
CO; mean age at PCOD (mean ageco,,pco) and the age dis-
tribution of the mean age for CO; at pore close-off (age dis-
tribution co,,pco), by using the surface meteorological con-
ditions. The idea of these parameterisations is that they can
easily be used in the field to gain knowledge about the ex-
pected PCOD and mean age of CO, at PCOD, when the
meteorological conditions are known for a specific site, but
without tuning a firn diffusion model.

hpco = a1 + B1T + 51 A 3
MeanAgeco, pco = a2 + foT + 62A + o P 9
AgeDistributionco, pco = @3 + 83T + ¢3 P (10)

In these equations, T is the annual mean temperature in K,
A the accumulation rate in m.w.e.a~! and P the atmospheric
pressure in hPa. The meteorological parameters are based on
the RACMO data and Vaughan et al. (1999) accumulation
adat. The surface atmsopheric pressure can also be easily
parameterised in terms of elevation, as described in Van den
Broeke et al. (1999).The parameterisation constants are pre-
sented in Table 3.

Atmos. Chem. Phys., 4, 1365-1380, 2004
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Fig. 11. The uncertainty (20') of the PCOD (m), obtained after
deviating the density profile 5% every 0.1 m by using the Herron
and Langway (1980) model.

We have compared the values for PCOD and mean age cal-
culated using the parameterisations of Egs. (8) and (9) using
the observed meteorology of Table 1 with the derived values
for PCOD and mean age given in Table 1. This comparison
yielded a correlation coefficient (r> ) of 0.83 (slope is 0.83)
for comparing the PCOD values of Table 1 with the values
obtained from the parameterisation, and a correlation coeffi-
cient (r% ) of 0.55 (slope is 0.52) for the mean age compari-
son.

4 Summary and conclusions

We successfully combined a modelled meteorological
dataset based on output from an atmospheric model for the
period 1980-1993 (van Lipzig et al., 2002) and a firn air dif-
fusion model. In order to make this combination, we used a
density depth model and parameterised the surface density,
pore close-off density and the tortuosity of the firn layer. We
have used the Herron and Langway density-depth model in
the diffusion model after comparing 5 density depth models.
We found that the model of Arnaud et al. (1998), Pimienta
(Barnola et al., 1992) and Herron and Langway, (1980) pro-
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Fig. 12. The model uncertainty in derived mean age for CO, at
PCOD (20, in years). Here, twice the uncertainty (20 for the tor-
tuosity (yp) and the pore close-off density (oco) and a deviation of
5% in the modelled density profile were taken into account.

vide the most accurate results, when compared to ten mea-
sured density profiles. To derive the parameterisations for
00, pco and y(;y, we used ten firn air analyses (Butler et al.,
1999; Sturges et al., 2001; Trudinger et al., 1997; Kaspers
et al., 2004; Table 1). The results of this parameterisation,
demonstrate, that the tortuosity and surface density can be re-
lated to meteorological parameters, to our knowledge for the
first time. The accuracy of the parameterisations for oo, pco
and y(;) was determined by comparing our diffusion model
results with earlier published firn air ages at pore close-off
(Table 1). A correlation coefficient (r2 ) of 0.9 and a slope
close to 1, was found for CO; ages at pore close-off derived
from our study (with only 4 meteorological variables as in-
put) and the mean CO; ages from published firn air analyses.
This correlation coefficient gives confidence in the accuracy
of our approach. With the diffusion model, the parameter-
isations yielded a surface snow density field for the entire
Antarctic continent. For this surface snow density, the an-
nual surface temperature and accumulation rate are the most
important parameters, but wind speed also plays an impor-
tant role, especially for the coastal sites and near mountain
ranges. The lowest values for the surface snow density are
found for the East Antarctic plateau, where annual surface
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temperature and accumulation rate are low. Incorporation
of the surface snow density field in the density-depth model
of Herron and Langway (1980) yielded the PCOD. After
modelling the PCOD for Antarctica, a maximum PCOD of
150£15 m (20) was found for 72° E, 82° S. The pore close-
off density parameterisation is responsible for 3 to 4 m devia-
tion in PCOD, when comparing the parameterisation for CO
in this study (dependent on temperature and accumulation)
and the CO parameterisation of Martinerie et al. (1994) only
temperature dependent.

We took the CO, data for the past 250 years, as upper
boundary condition and modelled the diffusion of CO; into
the firn layer until PCOD. This enabled us to determine the
effective age of CO, at PCOD for the entire Antarctic con-
tinent. The choice of the density model, Herron and Lang-
way or Pimienta, can account for a difference in effective
age at PCOD of 10 years. The oldest effective age for CO,
at PCOD using Herron and Langway is found at 43° E, 78° S
being 125 years. This study indicates, that the mean and ef-
fective age of the CO, at PCOD is older at sites with low
annual temperature and relatively high accumulation and sur-
face pressure although the exacted locations deviate. This re-
sult is consistent with the conclusions of Fabre et al. (2000).
An important result from the combination between the diffu-
sion model and the RACMO climate model is the prediction
of the location where the oldest CO» in firn air (mean age)
can be sampled. This is between Dome Fuji, Dome Argus
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and Vostok. The oldest air is found at 82° E, 83° S, using our
pco parameterisation. However, the exact location is debat-
able, as indicated by the results of the effective age and in
case the Martinerie et al. (1994) pco parameterisation was
used. The mean age of the CO, at PCOD at 82°E, 83°S is
expected to be 156+22 (1o) and 35 (20) years. Until now,
no firn gas analyses have been carried out for that location.
To give an example (of the practical usefulness of our re-
sults), for firn air trace gas analyses, we predict an mean age
of 187 years at PCOD for methyl chloride at 82°E, 83°S,
which would yield a record that is approximately two times
longer than the trace gas record of Butler et al., (1999). A
number of sensitivity tests were performed to gain insight
about model uncertainty. Here, tests were performed where
the pore close-off density (pco) and tortuosity (y(;)) param-
eterisations were varied twice the uncertainty (20) in the dif-
fusion model and the density profile was varied 5% over the
total firn column. The sensitivity test revealed that the tor-
tuosity parameterisation and the modelling of density pro-
file caused the largest uncertainty. The derived model uncer-
tainty was 35(%) (20) for locations containing younger firn
air (around 40 years) and 30(%) (20') for locations containing
older firn air (older than 100 years). The model uncertainty
can be significantly improved with better parameterisations
for the tortuosity, pore close-off density and surface snow
density, for which more firn air data need to become avail-
able first.
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Appendix
Appendix A
Site Location Elevation (m) T 10m (K) A (m.w.eq.'l) WSms' po kg m> Ref.
M 74'59'59"S  15'00'06"E 3453 221.7 0.05 5.7 0.307 Kaspers et al., 2004
S20 70'14'30"S 0.4'48'40"E 48 255.5 0.28 7.4 0.437 Kaspers et al., 2004
DML 778 10W 2300 238 0.10 6.4 0.381 Sturges et al., 2001
Dome C 758 123E 3240 220.2 0.03 5.0 0.318 Sturges et al., 2001
South Pole 90S 2841 223.8 0.073 6.0 0.427 Butler et al., 1999
Siple Dome  81'40'S 148'49'W 600 247.8 0.138 6.0 0.358 Butler et al., 1999
DSS 66'46'S 112'48'E 1370 251 0.60 6.9 0.419 Trudinger et al., 1997
DEOS-2 66'43'S 113'12'E 1250 254 1.10 7.0 0.470 Trudinger et al., 1997
Tunu (green) 78'01'N 33'S9'E 2400 2442 0.092 6.3 0.357 Butler et al., 1999
Vostok 78'28'S 106'48'E 3502 217.65 0.022 5.0 0.300 Bender et al., 1994
Old Byrd 79'59 120'01'W 1510 245.2 0.16 7.6 0.380 Gow, 1968
Ro.Is.Dome 7922 161'41'W 250.5 0.16 6.7 0.370  Herron and Langway., 1980
Little AmV 7810 162'13'W 43 249.2 0.22 6.7 0.360 Gow, 1968
J-9 8222' 168'40'W 245.3 0.09 5.6 0.350  Herron and Langway., 1980
C-7-3 7820 179'51'E 247.6 0.11 6.8 0.340  Herron and Langway., 1980
Site A 71'54'S 03'05'E 1520 247.6 0.14 4.7 0.362  Van den Broeke et al., 1999
Site B 72'08'01"  03'10'31" 2044 245.1 0.17 5.4 0.356  Van den Broeke et al., 1999
Site C 72'15'04"  02'53'28" 2400 242.9 0.12 5.4 0.343  Van den Broeke et al., 1999
Site D 72'30' 03 2610 238.4 0.11 6.3 0.373  Van den Broeke et al., 1999
Site E 72'40'42"  03'39'46" 2751 236.3 0.06 4.0 0.407  Van den Broeke et al., 1999
Site F 72'51'41"  04'21'05" 2840 234.7 0.02 4.4 0.375  Van den Broeke et al., 1999
Site G 73'02'26"  05'02'39" 2929 233.1 0.03 4.4 0.355  Van den Broeke et al., 1999
Site H 7323'11"  0627'38" 3074 230.5 0.04 52 0.366  Van den Broeke et al., 1999
Site I 73'4327"  07'56'26" 3174 228.6 0.05 5.8 0.343  Van den Broeke et al., 1999
Site J 74'02'41"  09'29'30" 3268 226.9 0.06 6.5 0.338  Van den Broeke et al., 1999
Site K 7421'16"  11'06'13" 3341 225.4 0.05 6.7 0.343  Van den Broeke et al., 1999
Site L 74'38'50"  12'4727" 3406 223.9 0.05 6.5 0.341  Van den Broeke et al., 1999
Site S15 71'11'30"  04'35's0" 800 252.9 0.24 3.8 0.389  Van den Broeke et al., 1999
5 87'48'18"S  59'12'E 2989 219.7 0.06 5.88 0.396 Cameron et al., 1968
Sa idem idem 3006 219.0 0.055 5.88 0.387 Cameron et al., 1968
6 87'16'48" 58'54' 3034 221.7 0.072 6.367 0411 Cameron et al., 1968
7 86'45' 58'36 3106 221.6 0.048 5.84 0.374 Cameron et al., 1968
9 86'44'30" 40'00' 3022 223.6 0.060 6.986 0.393 Cameron et al., 1968
10 86'37'42" 30'36' 2857 225.0 0.074 7.275 0.405 Cameron et al., 1968
13 85'45'48" 08'42' 2695 221.6 0.085 7.826 0.394 Cameron et al., 1968
14 8526'18" 04'42' 2672 2243 0.066 8.513 0.394 Cameron et al., 1968
15 85'10'12" 01'48' 2628 2234 0.093 8.159 0.393 Cameron et al., 1968
16 85'13'18" 07'42" 2679 223.8 0.049 8.384 0.369 Cameron et al., 1968
17 85'10'48" 13'12' 2688 223.4 0.053 8.036 0.365 Cameron et al., 1968
18 84'58'06" 17'54' 2676 224.4 0.078 7.426 0.385 Cameron et al., 1968
19 85'50'48" 21'48' 2683 224.6 0.064 7.847 0.375 Cameron et al., 1968
20 84'41'48" 26'00 2792 226.5 0.075 6.799 0.397 Cameron et al., 1968
21 84'31'42" 30'00' 2872 227.0 0.060 7.178 0.385 Cameron et al., 1968
22 84'22'12" 33'54' 3046 226.0 0.062 7.09 0.392 Cameron et al., 1968
23 84'10'30" 37'36' 3172 224.4 0.133 7.414 0.397 Cameron et al., 1968
24 83'52'42" 41'18' 3314 221.7 7? 7.821 0.392 Cameron et al., 1968
25 8320 44'33' 3397 220.5 0.067 8.081 0.375 Cameron et al., 1968
26 83'10'30" 4728 3497 219.2 0.057 7.6 0.382 Cameron et al., 1968
27 82'50'12" 5031 3577 217.6 0.066 7.3 0.371 Cameron et al., 1968
28 82127'12" 52'52' 3659 216.5 0.065 6.8 0.363 Cameron et al., 1968
29 82'06'47"  55'02'02" 3718 215.7 0.061 6.8 0.364 Cameron et al., 1968
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