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ABSTRACT

Temporal variations of §'3C of atmospheric CO, in the past have been reconstructed from the §'3C
values of CO, observed in firn at Dome Fuji, Antarctica. The effective diffusivities of CO; in firn were
estimated for Dome Fuji and another Antarctic site, H72. The age distributions of '*CO, in firn were
first calculated by using a one-dimensional diffusion model, and then the past values of the atmospheric
813C were derived by using an iterative procedure so that the calculated and observed vertical profiles
of §13C of CO, in firn agreed with each other. This reconstruction method was also applied to the CHy
concentration to confirm its validity. The values of the atmospheric §'3C thus estimated were in good
agreement with those from direct atmospheric measurements at Syowa Station, Antarctica, even for the
levelling off of the secular decrease observed in the first half of the 1990s. The statistical uncertainty of
the iterative procedure was examined by adding normal pseudo-random numbers to the observed §'3C
values in firn. We also calculated the 5'3C values for firn at H72 using the reconstructed history of the
atmospheric §'3C, and its vertical profile was found to be in close agreement with the observational

result.

1. Introduction

The carbon isotopic ratio, §'3C, of atmospheric CO,
is a powerful tool for evaluating the CO, exchange
fluxes between the atmosphere and the oceans or the
terrestrial biosphere, because the effect on the atmo-
spheric 8§'3C is different in these exchange processes
(Siegenthaler and Miinnich, 1981; Keeling et al.,
1989). Its systematic observations for background air
have been made at various ground-based sites, as
well as on ships and aircraft (Friedli et al., 1987;
Keeling et al., 1989; Francey et al., 1990; Nakazawa
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etal., 1993a, 1997; Trolieretal., 1996; Morimoto etal.,
2000). However, long records of the atmospheric §'3C
covering the last few decades are quite limited.

The analysis of air collected from firn of polar ice
sheets is one of the most promising methods for re-
constructing temporal variations of atmospheric con-
stituents in the past, because the firn air is older than
the surface atmosphere due to diffusive gas transport
in firn and due to firn air not diffusing in the lock-
in zone (Schwander et al., 1988, 1993; Schwander,
1989). The concentration variations of atmospheric
constituents at the surface of the ice sheet are gradually
propagated downward in firn by molecular diffusion
and by downward advection of firn layers. As a result,
the concentration of secularly increasing constituents,
such as CO,, CH,4 and N, O, decreases with increasing
depth. The effect of the gravitational settling on those
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vertical concentration profiles is relatively small, be-
cause their concentration increases in the atmosphere
were enhanced especially during the last few decades.
On the other hand, the isotopic ratios of these con-
stituents in firn are influenced strongly not only by
the history of their changes in the atmosphere but also
by the gravitational settling, because the isotopic en-
richment is caused by the mass-dependent diffusion of
species in firn column. Therefore, the reconstruction of
past atmospheric variations of the isotopic ratio from
its vertical profile in firn is much more complex than
that of the concentration. However, Trudinger et al.
(1997) tried to retrieve the histories of §'*C of atmo-
spheric CO, and CH,4 by applying the “diffusion cor-
rection” to the data from firn at Law Dome, Antarctica.

In this study, we developed a one-dimensional dif-
fusion model to reconstruct the past §'3C values of
atmospheric CO, from its vertical profile in firn, and
applied it to the data taken in firn at Dome Fuji,
Antarctica. The validity of our analytical method was
examined by comparing with the results from direct
atmospheric measurements at Syowa Station, Antarc-
tica. In addition, we also calculated the vertical profile
of 8§'3C for firn at an Antarctic site, H72, where the
temperature and the accumulation rate are quite dif-
ferent from those at Dome Fuji, using the atmospheric
8'3C variations derived in this study, and compared it
with the observational result.

2. Diffusion model

2.1. Model description

Our one-dimensional diffusion model was based on
the theoretical formulation for the diffusion process
by Schwander et al. (1993) and the bubble trapping
process by Rommelaere et al. (1997). The theoretical
basis and finite differential scheme of the model are as
follows.

The basic process of air movement in firn was
the same as proposed originally by Schwander et al.
(1993) and used subsequently by Trudinger et al.
(1997) and Rommelaere et al. (1997). It was assumed
that the molecular diffusion flux in the open pore space
arises from the concentration gradient and the gravi-
tational effect
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Here, D denotes the diffusion coefficient of the trace
gas molecule to be considered. This coefficient is not
a pure molecular diffusion coefficient, but an effective
value for the tortuous space in the firn layer. There-
fore, it is called ‘effective diffusivity’ to distinguish
from the pure diffusion coefficient. The variables s, ¢
and T represent the open porosity, the trace gas con-
centration and the firn temperature, respectively. The
constants m, g, and R are the mass number of the trace
gas, the acceleration of gravity, and the gas constant,
respectively. The vertical advection flux of the trace
gas, which is caused by air trapping at the close-off
zone and downward bulk motion of firn, is also im-
portant, especially for sites with large accumulation
rates. In previous studies, different mathematical ex-
pressions were used for this process. For example,
Schwander et al. (1993) assumed a successive shifting
down of discretely divided firn layers, while Trudinger
et al. (1997) introduced the coordinate system which
moves downward at the vertically dependent speed of
firn. In this study, we adopted an expression given by
Rommelaere et al. (1997). Mass conservation of the
trace gas is given by
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for the open pore space and

dcy d(veey)
ot 9z

for bubbles. Here, ¢ and ¢y, are the trace gas quantities
in the open pore space and bubbles, respectively. The
vertical speed of air in the open pore space, v, is dis-
tinguished from that of firn itself, v¢. At the transition
zone where the open pore air is gradually trapped into
bubbles, the mass conservation is given by using the
bubble trapping rate, r (s~'). This simply means that a
portion of the trace gas quantity in the open pore space,
rc, is added to bubbles. A mathematical expression of
the bubble trapping rate is given by Rommelaere et al.
(1997) to be

r= —vfﬂi <i> , “)
s 9z \ 8¢

where s, is the total porosity. The total porosity was
calculated from the firn density data using the equation

rc =0, (3)

si=1-——, (&)

where p and p;. are the densities of firn and ice
(kg m~3), respectively. At the transition zone, the total

Tellus 55B (2003), 2



PAST VARIATIONS OF §'3C FROM ANTARCTIC FIRN 161

porosity should be divided into the open and closed
porosity. In this study, the closed porosity, s., was
calculated by using the empirical equation given by
Schwander (1989):

Se = S;exp |:75(pp —1>j|, (6)
close

where pjose 1S the density at the close-off depth. Under
the steady state condition for firn densification, the
vertical speed of firn, v¢(z), is simply given by

=2, @)
P

where a; is the accumulation rate (kg m~2 s~!). Equa-
tions (2) and (3) denote conservation of mass for the
trace gas. However, the equations for the relative con-
centrations are preferable for more accurate calcula-
tion. The relative concentrations in the open pore space
and bubbles, x and xy, are expressed by

Cp

(®)

c
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respectively. Here, ¢, and ¢, are the air quantities
(mol m™3) for the open pore space and bubbles, re-
spectively. The vertical profile of the air quantity in
the open pore space was calculated from the baromet-
ric equation. The air quantity in bubbles, ¢ ,, and the
vertical advection speed of the open pore air, v, were
determined by integrating the mass conservation equa-
tions for air in the closed and open pores, respectively.

To solve the differential eq.(2) numerically, the
Crank—Nicolson method (Crank, 1975) was applied.
In this method, implicit and explicit differentiations
in the time domain were added with the same weight
for the stable calculation. Thus, we obtain a tridiag-
onal system of discrete variable of the concentration,
which can be easily solved by using the Thomas algo-
rithm (Hirsch, 1988). On the other hand, the upwind
differential method was applied to solve eq. (3). In
this method, the stability of the numerical integration
is controlled by the Courant number

At

= Vr—, 9
" vtAZ )

and this should be less than 1 for the stable calcula-
tion. We set 1.0 d and 1.0 m for Ar and Az, respec-
tively, so that the Courant number became sufficiently
small, i.e. less than 1073, In this connection, the ver-
tical speed of firn, v, is less than about 11 cm yr*1 at
Dome Fuji and about 90 cm yr~! at H72, as seen in
Fig. 1.
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Fig. 1. Vertical speeds of firn (solid lines) and open pore air
(dotted lines) at (a) Dome Fuji and (b) H72, calculated using
the mass conservation equations.

As seen from Table 1, Dome Fuji is characterized by
very low accumulation and temperature. Under such
conditions, the bubble trapping at the close-off zone
occurs slowly and the advection speed of air in the open
pores is low. As shown in Fig. 1, the advection speed
of the open pore air was calculated to be 3.8 cm yr~!
at the close-off zone and less than 1.0 cm yr~! near the
surface. This means that the vertical distributions of air
components in open firn at Dome Fuji are controlled
mainly by molecular diffusion. On the other hand, the
air advection speed at H72 is larger by almost one order
than that at Dome Fuji, which means that both the dif-
fusive and advective transport processes are important
for the H72 firn. Figure 2 shows the vertical profiles
of the bubble trapping rate calculated using eq. (4) for
the Dome Fuji and H72 firn. The bubble trapping rate
increases from zero at the top of the close-off zone to
the maximum at the bottom of the close-off zone. The
maximum value amounts to about 0.05 and 0.7 yr~!
for Dome Fuji and H72, respectively, which implies
that 5 and 70% of air included in the 1 m thick firn
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Table 1.
model simulation

S. SUGAWARA ET AL.

Geographical information of Dome Fuji and H72 and parameters used for

Dome Fuji H72
Location 77°19/S, 39°42/E 69°12/S, 41°07/E
Elevation (m a.s.l.) 3810 1241
Sampling date December 13-25 1998 September 12-21 1998
Accumulation (kg m~2 yr~!) 32 350
Surface density (kg m—?) 300 390
Mean temperature (K) 215 253
Mean pressure (hPa) 600 836
1 1 1
~ 0.7 | - T\ (1013

'5 0.6 | Dinu(z) = Do (ﬁ) (T) [1.75(z) — 0.2],

Q " (10)
§ 051 ;=. *

@ (.4 | where s(z) and D, represent the open porosity ata depth
'g 034 | z, and the diffusion coefficient of CO, at 253 K and
g N 1013 hPa, respectively. We set 1.247 x 107> m? s~
= 0.24 ,," " for this parameter (Trudinger et al., 1997). The depen-
2 0.1+ - dence of the effective diffusivity on the open porosity
. 004 - - ‘ : : J‘/\ was based on the direct measurement of diffusivity for

40 60 80 100 120  an Antarctic ice core, Siple (Schwander et al., 1988;
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Fig. 2. Bubble trapping rate calculated for firn at Dome Fuji
(solid line) and H72 (dotted line).

layer at the depths of maximum bubble trapping rate
are occluded into bubbles every year. Thus, the loss
term of the gas quantity in the open pore space, ex-
pressed by rc in eq. (2), is quite different for the two
sites.

2.2.  Estimation of effective diffusivity

In this study we derived the effective diffusivity
of CO, by using an iterative procedure so that the
vertical profile of the CO, concentration observed in
firn was well reproduced. For this purpose, the time
series of the CO, concentration for the past 273 yr
was constructed on the basis of the data from the
analyses of an Antarctic H15 ice core for 1725-1957
(Nakazawa et al., 1993b; Kawamura et al., 2000) and
in situ measurements at the South Pole for 1957-1984
(Keeling et al., 1995) and Syowa Station for 1984—
1998 (our unpublished data). An initial guess of the
effective diffusivity of CO,, Dy (z), was calculated
by the equation

Schwander, 1989).

Using the time series of the atmospheric CO, con-
centration and the initial guess of the effective diffu-
sivity, the vertical distribution of the CO, concentra-
tion in firn was integrated from January 1725 to the
date when the firn air were sampled at Dome Fuji.
The vertical profile of the CO, concentration on the
sampling date could be changed by employing the dif-
ferent effective diffusivities. Therefore, the sensitivity
of the concentration profile to the effective diffusiv-
ity was first examined. If we define a variable g, as a
response of the CO, concentration at layer j to a min-
imal change of the effective diffusivity given at layer
k, it represents an element of a square matrix Q. The
differences between the calculated and observed CO,
concentrations in firn can be expressed by a combi-
nation of the sensitivities weighted by the corrector
vector ¢ under the linear approximation

an

Therefore, the initial guess of the effective diffusivity
was corrected for its inadequacy by

Xcale — Xobs = Q¢

D = Dy + Qil(xcalc — Xobs)- (12)

However, eq. (12) does not give good results when
the calculated and observed CO, concentrations are
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largely different, because the response of the calcu-
lated CO, concentration to the diffusivity is essentially
non-linear. Therefore, the correction of the effective
diffusivity was controlled by the optimum parameter
K,

Di+l = Di + KQ;l(xcalc,i - xobs)- (]3)

Here, suffix i denotes the number of times of the iter-
ative calculation. We empirically chose a sufficiently
small value of 0.01 for the parameter «. After correct-
ing the effective diffusivity by eq. (13), the matrix Q
was newly calculated using the revised effective dif-
fusivity. These calculation procedures were repeated
until the standard deviation of the concentration dif-
ferences became smaller than 1 ppmv. In this itera-
tive calculation, we simply constrained the effective
diffusivity to decrease monotonously with increasing
depth.

The profiles of the effective diffusivity obtained for
the firn at Dome Fuji and H72 are shown in Fig. 3. At
Dome Fuji, the effective diffusivity decreases slightly
with increasing depth in the upper 20 m below the
surface and then decreases steeply below. The effec-
tive diffusivity at H72 shows a steeper vertical gra-
dient and becomes almost zero at 60 m. Since the
close-off zone at H72 was estimated to be about 55—
66 m from direct measurements of impermeability of
the firn core, the lower half of the close-off zone, i.e.
about 60—66 m, was thought to be the so-called ‘non-
diffusive layer’ (Sowers et al., 1992). Such a layer
was also found at GRIP, Greenland (Schwander et al.,
1993), the South Pole (Battle et al., 1996), and DEOS,
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Fig. 3. Effective diffusivities of CO; in firn at Dome Fuji
(solid line) and H72 (dotted line), estimated by using the
vertical CO;, concentration profile in firn and its atmospheric
variation.
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Fig. 4. Relationships between the effective diffusivity and
the porosity estimated for firn at Dome Fuji (solid line) and
H72 (dashed line). The linear relationship calculated using
eq. (10) for Siple Station is also shown (dotted line). All the
effective diffusivities were normalized to the values at 253 K
and 1013 hPa.

Antarctica (Trudinger et al., 1997). The existence of
the non-diffusive layer at H72 is also supported by the
fact that "N of N, and §'0 of O, become constant
in firn below 60 m (Kawamura, 2000).

The relationships between the open porosity and the
effective diffusivity for Dome Fuji and H72, normal-
ized at standard temperature and pressure, are shown
in Fig. 4, together with the result calculated by using
eg. (10). The three relationships are different, probably
due to different firn structures at the respective loca-
tions. In general, the effective diffusivities estimated
in this study are larger than that at Siple at the same
porosity value. Rommelaere et al. (1997) also found
that their effective diffusivities estimated for Vostok
and DEO8-2, Antarctica were larger by 25% than the
results of the direct measurement at Siple. In addi-
tion, the profile of the effective diffusivity estimated
for Vostok is quite similar to our result for Dome Fuji,
except for the uppermost layer of firn. Considering that
both locations are characterized by low temperatures,
the above results suggest that the tortuousity of firn de-
pends strongly on the firn structure, which is closely
related to temperature.

3. Reconstruction of atmospheric §'3C
The value of §'*C in firn air is controlled mainly

by its atmospheric variation history and the different
diffusivities and the gravitational separation of two
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isotopes. The thermal diffusion enhanced in the up-
permost layer of firn is also a possible cause for the
changes of the isotopic ratios. The thermal diffusion
is expressed mathematically by the thermal diffusion
factor of the two isotopes (Severinghaus et al., 1998;
Leuenberger et al., 1999), and it will only be signifi-
cant if the seasonal variations of the firn temperature
are considered. In this study, we did not incorporate
the thermal diffusion into the model, because its effect
was included in air mixing near the surface, which
will be described later. Under such a simple condition,
the time series of the atmospheric components can be
easily converted into their vertical profiles in firn by
using the age distribution. Therefore the atmospheric
8'3C values in the past were estimated inversely by
the iterative procedure, which is equivalent to finding
the continuous function that reproduces the vertical
profile of §'3C observed in firn.

3.1. Age distribution

The age distribution of '*CO, molecules in firn at
Dome Fuji was calculated as a response function to
a concentration pulse given at the surface of the ice
sheet. This calculation was done for 1000 yr to obtain
the age distribution of bubble air below the close-off
zone as well, although the results for bubble air were
not used in this study. The age distributions of *CO,,
thus calculated, are shown in Fig. 5. The broadening of
the age distribution is clearly seen for the open pore air,
which is attributable to slow advection flow in the firn
at Dome Fuji. The age distribution of bubble air also
broadens rapidly with increasing depth in the close-
off zone, and then slowly below that zone, due to the
effects of the bubble trapping and the densification
of ice occurring in the respective depth intervals. The
age distribution calculated for '2CO, at each depth
was apparently indistinguishable from that for 3CO5,,
but §13C is differently defined even by such a small
difference.

The mean age, derived by integrating the age distri-
bution, gives a rough estimate of age for the open pore
or bubble air. For a depth of 104 m at Dome Fuji, cor-
responding to just above the bottom of close-off zone,
the mean age was calculated to be about 29 yr. The
effective age for the air sampled at 103.7 m, defined
as the age when the same CO, concentration value ap-
peared in the atmosphere, was estimated to be about
22 yr, while its mean age was calculated to be about
26 yr from the age distribution of '>COs.

S. SUGAWARA ET AL.
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Fig. 5. Age distributions of '*CO; in (a) open pore and (b)
bubble at selected depths (m) in firn at Dome Fuji. The actual
calculation of the age distribution was made at 1 m intervals.

Figure 6 shows the ice ages and the mean ages of
CO; molecule for the open pore and bubble air at Dome
Fuji, which were calculated from the age distributions.
The mean age of CO, in the bubble air was calculated
to be about 140 yr at the bottom of the close-off zone,
and increased rapidly with increasing depth below that
zone, showing the same slope as the ice age. The age
difference between the ice and CO, in the bubble air
under the present firn condition was estimated to be
about 2220 yr by simply subtracting 140 yr from the
ice age of 2360 yr at the bottom of the close-off
zone. This value is fairly consistent with the esti-
mate of about 2200 yr which was made by Kawamura
(2000) using the ‘close-off depth’, defined as the depth
where half of air finally trapped in the ice is included
(Schwander et al., 1988).
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Fig. 6. Vertical profiles of the ice age (thin solid line) and the
mean ages of CO; in bubble air (thick solid line) and open
pore air (dashed line) at Dome Fuji.

3.2.  Reconstruction method

As mentioned above, the past variation of the atmo-
spheric 8'3C was reconstructed inversely from its mea-
sured values in the firn at Dome Fuji, using an iterative
procedure. In this process, the vertical distribution of
813C in the firn was calculated from the concentrations
of 12C0O, and *CO, that were independently obtained
by using their assumed atmospheric histories. The ver-
tical profile of the CO, concentration was already ob-
tained for the derivation of the effective diffusivity,
as described above. Therefore, the calculation was re-
quired only for '3CO,. The concentration history of
atmospheric '*CO, was calculated from the measured
values of §'3C versus depth.

Before starting the iteration, the §'3C values ob-
served in firn were rearranged into the time domain by
calculating the mean ages from the age distributions of
13CO, at the respective depths, for use as a first guess
of the atmospheric §'*C in the past. The iterative pro-
cedure consisted mainly of the following three steps.
Firstly, the vertical profile of the '*CO, concentration
in firn was calculated by using its age distributions and
the first guess of the atmospheric §'3C variation his-
tory. Secondly, the profile of the *CO, concentration
thus calculated was compared with that fitted to the
observed values, and then the differences between the
calculated and observed '*CO, concentrations were
obtained. At the same time, the vertical profile of §'3C
was also calculated to compare with each observed
value. Finally, the initially guessed values of the atmo-
spheric '3CO, concentration were revised by slightly
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adjusting the respective values in proportion to the dif-
ferences obtained in the second step. Here, it should
be noted that the difference at each depth, Ac¢(z), is
caused by the atmospheric '*CO, value being assumed
incorrectly to be in association not only with the mean
age but also with the time interval defined by the age
distribution. Therefore, the adjustment for the atmo-
spheric '*CO, concentration, Ac,(f), was made pro-
portional to the age distribution, A(z,7)
Ac,(t) = f v(2)A(z, )Ace(z) dz. (14)
Here, y(z) is the weighting parameter, ranging be-
tween —1 and 0. This parameter was given at each
layer so that Acg(z) was weighted at the depths where
the data were taken. These steps were repeated un-
til the difference in 8'3C obtained at the second step
became less than 0.05%o.

The time period covered by this analysis spanned
only about 30 yr before 1998. However, alonger record
of the atmospheric §'3C is required for initializing the
vertical profile of §'3C in firn. For this purpose, we
used the §'3C data from the Law Dome ice core for
the period 1700-1950 (Francey et al., 1999). The Law
Dome data were connected smoothly with our initial
guess of the atmospheric 8'3C by using the spline fit-
ting technique. The Law Dome data were not adjusted
during the iterative calculation.

In this reconstruction process, the existence of a
convective mixing zone near the surface should be con-
sidered. If the firn air is mixed with the atmosphere
due to variations in temperature, pressure and wind
stress at the surface, the age of the firn air becomes
younger than that without such a mixing effect. Since
no data at depths shallower than 10 m were available
in this study, we cannot directly estimate the effect
of the mixing zone on §'*C. However, from measure-
ments of §"°N and §'%0 in the firn air at Dome Fuji
and H72, it was found that the mixing zone exists in
the uppermost layer of firn at both sites, and that its
mean thicknesses at the respective sites are 8—10 and
2-4 m (Kawamura, 2000). Taking this into account,
we assumed in our model calculation that no diffu-
sive transport occurred in the mixing zone, and that
the 813C values in the mixing zone varied in step with
those in the atmosphere.

3.3.  Reconstruction test using the CH, data

To check the validity of the analytical method devel-
oped in this study, we applied it to reconstruct the CHy
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concentration using the data obtained in firn at Dome
Fuji. Details of the CH4 concentration data used have
been described elsewhere (Kawamura, 2000). Since
systematic measurements of the atmospheric CH, con-
centration have been carried out in the Antarctic region
since the 1980s (Aoki et al., 1992; Dlugokencky et al.,
1994, 1998), the results reconstructed in this study can
be compared directly with those of the direct observa-
tions. The effective diffusivity for the CH4 molecule
was obtained by multiplying that for CO, molecule by
afactorof 1.291 (Trudinger et al., 1997). The data from
the Law Dome ice core (Etheridge et al., 1998) were
also used for the atmospheric CH4 concentrations dur-
ing the period 1700-1950, to initialize the vertical CHy
distribution in firn. The CH; concentrations recon-
structed from the Dome Fuji data are shown in Fig. 7,
together with the results of the direct atmospheric mea-
surements at the South Pole by NOAA/CMDL (avail-
able on their website, http://www.cmdl.noaa.gov/) and
Syowa Station by NIPR and Tohoku University (our
unpublished data). Both data sets were corrected for
the difference between the concentration scales em-
ployed by NOAA/CMDL and NIPR-Tohoku Univer-
sity. As seen in this figure, the variations of the atmo-
spheric CH,4 concentration estimated in this study are
in good agreement with those from the direct measure-
ments at the Antarctic stations. It is obvious that not
only the monotonous CH,4 increase during the 1980s
and 1990s, but also the lowering of the increasing trend
during the 1990s, is reconstructed well by using the
present method.

1750_| 1 1 1 L

—— Reconstructed
—— South Pole
--- Syowa St.

CH, Conc. (ppbv)
> = 3
S 4 S
T £ T

ISSO_I T T T
1980 1990 1995 2000

Year

T
1985

Fig. 7. Variations of the atmospheric CH4 concentration re-
constructed from its vertical profile observed in firn at Dome
Fuji (thick solid line) and observed directly at the South Pole
(thin line) and Syowa Station (dashed line).

S. SUGAWARA ET AL.

4. Discussion

The §'3C results obtained by applying the above-
mentioned procedure to the firn data at Dome Fuji are
shown in Fig. 8. As seen from Fig. 8(a), the vertical
profile of §'*C calculated for firn at Dome Fuji is very
consistent with the observational result. In general, the
observed §'3C value increases with depth, but its gra-
dient is slightly gentler at depths between 50 and 70 m
than at shallower than 50 m and becomes remarkably
steep at the close-off zone around 100 m. The gentle
gradient at 50-70 m yielded the stagnation in the re-
constructed secular decrease of the atmospheric §'3C
for the period 1990-1995, as clearly seen in Fig. 8(b).
In this connection, the mean ages of '*CO, obtained
from its age distributions for the depths of 50-70 m
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Fig. 8. (a) Vertical profiles of §'3C observed (closed circles)
and calculated (solid line) for firn at Dome Fuji, and (b) the
atmospheric §'3C variation reconstructed from its vertical
profile in firn at Dome Fuji (solid line). The results of direct
atmospheric measurements at Syowa Station and analyses
of the Law Dome firn air are also plotted in panel (b) by a
dashed line and closed circles, respectively. The uncertainties
estimated for the reconstructed §'3C variation are shown by
shade.
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were about 5-9 yr, which corresponds to the first half
of the 1990s. The rapid increase of §'3C around 100 m
is caused mainly by the small effective diffusivity at
the close-off zone.

Since the atmospheric §'*C variations are recon-
structed from the vertical profile of §'*C observed in
firn, the uncertainty of the observed §'*C data and its
propagation to the results through the iteration scheme
should be considered carefully. Therefore, we exam-
ined the uncertainties of the atmospheric §'*C values
reconstructed in this study, assuming simply that the
errors of the §'3C values observed in firn at Dome
Fuji were the same as the precision of our mass spec-
trometer analysis of 0.02%. (1 standard deviation)
(Nakazawa et al., 1997; Morimoto et al., 2000). The
normal pseudo random numbers multiplied by 0.02 %o
were first added to the §'3C values observed in firn, and
then the same iteration method as above was applied
to this hypothetical profile to obtain a new estimate
of the atmospheric §'3C variation. This procedure was
repeated for 1000 different sets of the random num-
bers, and the standard deviations of the reconstructed
atmospheric §'3C variations were calculated. The stan-
dard deviations (1 o), thus obtained, are also shown
in Fig. 8(b). It is clearly seen that the standard devia-
tions of the reconstructed atmospheric §'*C values are
larger than that assumed for the observed §'*C values
in firn. The maximum standard deviation amounted to
about 0.074%o, which is more than three times as large
as the uncertainty given to the observed §'>C values.
This means that the error propagation plays an impor-
tant role in essentially determining a confidence limit
of our estimation. To reduce this uncertainty, precise
analyses of §'3C of spatially finely sampled firn air are
required.

The variations of the atmospheric §'3C derived in
this study are compared in Fig. 8(b) with the results
of the Law Dome firn analyses (Francey et al., 1999)
and the direct atmospheric measurements at Syowa
Station (Morimoto et al., 2001). Our results agree
well with the observed values at Syowa Station, even
for clear stagnation of the secular decrease and sub-
sequent rapid decrease during the 1990s. A similar
agreement was also found in the comparison to the
atmospheric §'3C records at the South Pole (Keeling
et al., 1995) and Cape Grim (Francey et al., 1999).
The §'3C values at Syowa Station are slightly higher,
by about 0.025%0 on average, than our best estimates.
One possible cause of such a small difference may
be attributable to the different geographical locations
of Dome Fuji and Syowa Station; the Dome Fuji site
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is located on highland (3810 m a.s.l.) about 1000 km
inland from Syowa Station. However, this difference
is thought to be insignificant, because it is sufficiently
smaller than the uncertainties of the present estimation.
Since the same mass spectrometer and standard were
used in this study and for the Syowa Station record,
a fairly good agreement between both results demon-
strates the effectiveness of our reconstruction method.
Francey et al. (1999) also found a small difference, of
0.015 %o on average, between the §'*C values from
the direct atmospheric measurements at Cape Grim
and the analyses of the firn air at Law Dome, and they
concluded such a difference to be insignificant.

The secular decreasing trend of the atmospheric
8'3C derived in the present study is also in good agree-
ment with that from the firn air at Law Dome. However,
our retrieved §'3C values are systematically lower by
0.08 %o, on average, than the values at Law Dome. This
difference could be partly ascribed to the different iso-
topic analysis techniques used by the two laboratories
involved.

To examine the validity of the atmospheric §'3C
variation reconstructed from the data at Dome Fuji,
we calculated the vertical distribution of §'3C for firn
at H72 using it as a boundary condition to be given at
the surface. The result shown in Fig. 9 is compared to
the observed values. The calculated value of §'3C in-
creases almost linearly with increasing depth at layers
shallower than 40 m. This increasing trend becomes
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Fig. 9. Observed (closed circle) and calculated (solid line)
vertical profiles of §'3C in firn at H72. The calculated values
of 8'3C were derived on the basis of the atmospheric §'°C
variation reconstructed from the firn data at Dome Fuji.
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slightly gentle in the 40-50 m layer, which is ascribed
to the stagnation of the secular decrease of the at-
mospheric §'°C in the early 1990s. The remarkable
increase in §'*C seen below 60 m is related to the non-
diffusive layer existing at the lower half of the close-
oft zone. As mentioned before, the air in the open pore
space of this layer moves down together with its sur-
rounding firn. As shown in Fig. 1, the vertical speed of
this layer of firn is about 0.42 m yr~'. Therefore, the
age difference between 60 and 66 m, corresponding
to the top and the bottom of the non-diffusive layer, is
calculated to be about 14 yr. The calculated values of
8'3C are in close agreement with the observed values,
the differences between both values being less than
0.03%o, except for the data at 65 m. Considering the
uncertainties in our 8'>C measurements, such small
differences are insignificant.

5. Conclusions

The atmospheric §'3C variation for the last few
decades was reconstructed from the vertical distribu-
tion of 8'3C observed in firn at Dome Fuji, using a
one-dimensional diffusion model. The validity of our
analytical method and the results obtained was exam-
ined by comparing with the data from direct atmo-
spheric measurements and analyses of the firn air at
other sites. The results obtained from the present study
are summarized as follows:

(1) A one-dimensional diffusion model was de-
veloped based on the theoretical formulation proposed
by Schwander et al. (1993) and Rommelaere et al.
(1997).

(2) The effective diffusivities in firn at Dome Fuji
and H72 were estimated, so that the vertical CO, pro-
file in firn was reproduced well by using the atmo-
spheric CO, concentration history at the surface of ice
sheet.

(3)  An iteration method was developed for re-
constructing the past variations of atmospheric com-
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ponents from their vertical profiles observed in firn.
This method was verified by applying it to the CHy
data, and the result obtained was found to be consistent
with direct atmospheric measurements in the Antarctic
region.

(4)  The variation of the atmospheric §'3C was
reconstructed from the data observed in firn at Dome
Fuji. Its temporal trend was in close agreement not only
with those from the direct atmospheric measurements
at Syowa Station, but also with those reconstructed
from the firn air at Law Dome, although a small but
systematic difference of §'3C between Dome Fuji and
Law Dome was found.

(5) The statistical error of the reconstructed val-
ues of the atmospheric §'3C was investigated by us-
ing the normal pseudo-random numbers, and it was
suggested that the uncertainties of the reconstructed
atmospheric §'3C values were larger than those of the
813C values observed in firn.

(6) The atmospheric §'*C values reconstructed
from the firn data at Dome Fuji were also supported
by the fact that the vertical profile of §'*C observed
in firn at H72 agreed well with that calculated by giv-
ing them as a boundary condition at the surface of
H72.

For a better understanding of the carbon cycle on the
Earth’s surface, combined analyses of the long-term
variations of CO,, its §'3C, and O, in the atmosphere
are required (Keeling et al., 1996; Bender and Bat-
tle, 1999). The method developed in this study would
contribute significantly to such analyses.
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