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ABSTRACT

The North-South gradient of atmospheric CO, is commonly used to infer the latitudinal distri-
bution of sources and sinks at the earth surface. Here we analyze the East-West and vertical
gradients occurring at regional scale over the subtropical/subantarctic ocean (around
30°S—45°S), which is known to be the major sink of the southern hemisphere. Using French
and Australian inter calibrated datasets, we find a significant depletion of atmospheric CO,
near Tasmania (Cape Grim, 40°41'S, 144°41'E, CGO) compared to the open Indian Ocean
(Amsterdam Is., 37°48'S, 77°32'E, AMS). This depletion was about —0.4+0.2 ppmv for the
1988-1992 period. For the same period, CGO values were also depleted by —0.85+0.25 ppmv
and —1.1+04 ppmv relative to the mid- and high-troposphere. Using a 3-D atmospheric
transport model based on meteorological analysis, and a diagnostic CO, flux scenario updated
for the year 1990, we investigate the respective role of industrial, oceanic and biospheric fluxes.
The main component which can explain such longitudinal and vertical oceanic sink appears to
be the subtropical/subantarctic oceanic sink and its regional patterns. Using the oceanographic
datasets in the Atlantic, Pacific, and West Indian oceans, we can reconstruct more than half of
vertical gradient observed over CGO, but not the CGO depletion relative to AMS. Finally, we

discuss the hypothesis of an extra oceanic CO, sink south of the Australian mainland.

1. Imtroduction

Atmospheric CO, monitoring network has been
widely used to infer the latitudinal location and
strength of CO, sources and sinks (Keeling et al.,
1989; Tans et al., 1990; Ciais et al., 1995). Basically,
the interhemispheric CO, gradient, of the order of
3 ppmv, suggests that major sinks are located in
mid latitudes of the both hemispheres. In the
southern hemisphere the major sink, whose
strength and patterns are still largely unknown, is
the Southern Ocean near subtropical/subantarctic
zone (Keeling et al, 1989; Tans et al, 1990;
Ramonet, 1994). In the present paper, we focus
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on southern mid-latitudes in order to study how
the observed atmospheric gradients can be related
to the regional sources and sinks. At these latitudes
three stations are monitoring continuously the
atmospheric CO, concentrations: Amsterdam
Island (37°48'S, 77°32E, AMS), Cape Grim
(40°41'S, 144°41'E, CGO) and Baring Head
(41°40'S, 174°90'E). An unexpected feature of this
regional network is a systematic depletion of CGO
relative to the two other stations (Pearman et al.,
1991; Enting and Pearman, 1993). Such a deple-
tion, of about 1 ppmv, points out the problem of
representing a latitudinal band by only one sta-
tion. This is a crucial problem for the studies of
the global carbon cycle and implies the need for
a world wide intercalibrated CO, network to
establish zonal or regional patterns of CO, fluxes.
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In the following, we present: (1) the French and
Australian datasets at AMS, CGO and in the free
troposphere, using a common CO, scale, (2) the
3-D atmospheric transport model TM2Z, and a
new assessment of CO, fluxes, (3) the simulated
CO, gradients taking into account the role of
baseline selection, and (4) an analysis of the
respective role of fossil fuel CO,, continental bio-
sphere and ocean in the observed gradients.

2. Atmospheric CO, datasets

Atmospheric CO, has been continuously mon-
itored at AMS since 1980, and at CGO since 1976,
using NDIR analyzer providing a reproducibility
better than 0.05 ppmv (Gaudry et al.,, 1987, 1990;
Lambert et al., 1995; Beardsmore and Pearman,
1987). A careful intercalibration of the CO, scales
used at CGO and AMS was made in August 1990
with an accuracy better than 0.1 ppmv (Monfray
et al.,, 1992). It revealed an offset of the Australian
scale in comparison to the French one of
—0.6 ppmv. Part of this offset was due to the drift
of CO, concentrations in three tanks, which were
part of a set of 11 WMO standard tanks used to
define the Australian scale (Beardsmore and
Pearman, 1995). By using only the 8 stable tanks,
Bearsdmore (1996) has recalculated the CO, con-
centrations for the period 1987-1992. The above
offset between CGO and AMS in 1990 was then
reduced to —0.2 ppmv. Hereafter, the CO, gradi-
ents are corrected for this offset, and so the two
stations can be considered as intercalibrated to
within 0.1 ppmv for the year 1990.

The monthly differences (CGO minus AMS) of
baseline CO, concentrations are plotted on
Fig. 1a. In addition to the 1990 data we have
plotted the 5 years mean and standard deviation,
corresponding to the period 1988-1992. This
multi-years curve illustrates the climatological
mean and the inter-annual variability of the
CGO/AMS gradient, around 1990. As is made
clear by Fig. 1a, the CGO monthly values are
systematically depleted relative to AMS values,
except in September. The difference is greater
during summertime (January and February). It is
worth noting that during the austral summer air-
masses arriving at AMS can be originated from
the North (Miller et al., 1993), inducing a relative
decoupling between AMS and CGO. Within the
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Fig. 1. CO, monthly gradients over Austral Indian
ocean. The observed differences of CGO relative to AMS
(a) and to the mid-troposphere (b) are displayed for 1990
(open diamonds), and for 1988-1992 period (open
squares) with standard deviation (shaded area).

1988-1992 period, the annual surface difference
CGO minus AMS is —04+02ppmv. If we
exclude January and February, the average differ-
ence is —0.25 ppmv, with a standard deviation of
0.15 ppmv. Such permanent East—West gradients,
of a few tenths of ppmv, are a bit surprising due
to the strong westerly winds blowing throughout
the main part of the year in the Roaring Forties.
Furthermore, they are of the same order of magni-
tude than the North-South gradients in the austral
area (Keeling et al, 1989; Tans et al, 1990;
Ramonet, 1994).

Another important data set is given by the
samples made in the mid-troposphere (at about
4 km height) over Bass Strait and CGO (Pearman
and Beardsmore, 1984; Fraser et al, 1992). The
air flasks are analyzed at the DAR/CSIRO main
laboratory (Aspendale, Australia). Monfray et al.
(1992) pointed out an offset of —0.2 ppmv between
the DAR/CSIRO main laboratory and the CGO
scale. Consequently, the vertical gradients of CO,
concentration: CGO (continuous analyzer) minus
the mid-troposphere (flask sampling), have been
corrected by —0.2 ppmv. This is in agreement
with the bias (—0.2+0.2 ppmv) found at CGO
between surface flask sampling and the continuous
analyzer (Beardsmore and Pearman, 1990, 1991,
1992, 1994 and 1995). The corrected vertical gradi-
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ents are plotted on Fig. 1b for the year 1990 and
the period 1988-1992. A negative value corre-
sponds to a depletion at sea level (ie. at CGO).
Monthly vertical gradients are more scattered
than the CGO/AMS gradients due to the low
sampling frequency in the mid-troposphere
(around six flasks per month), and also because
there is no systematic selection for marine condi-
tions. Despite this scattering, it appears that the
surface values (CGO) are systematically depleted
compared to the mid-troposphere by —0.93 ppmv
in 1990, and by around —0.85+0.25 ppmv for the
period 1988-1992. The lowest depletion occurs
from September to November.

Finally, thanks to automated air samplers
mounted in commercial aircraft, DAR/CSIRO has
made CO, measurements in the high troposphere
(at about 9 km height) since 1974 (Pearman and
Beardsmore, 1984). Despite the scattering of the
observations, due to the sampling over a wide
area (the southern part of Australia) and the very
low frequency (once or twice a month), the sur-
face data are found to be lower than the high
troposphere data: —1.07 ppmv in 1990, and
—1.1+0.4 ppmv for the period 1988-1992.

In the following part of the paper, we examine
if our present knowledge about the CO, fluxes
exchanged with the atmosphere can explain the
observed vertical and longitudinal gradients.

3. The atmospheric transport model, and CO,
fluxes for the year 1990

The link between atmospheric gradients and
regional distribution of CO, fluxes, is achieved
through the atmospheric transport. For this pur-
pose we used the 3-D model TM2 developed by
Heimann (1995). The advection, vertical diffusion
and convection in cumulus are driven with 1990
reconstructed fields of winds, pressure, temper-
ature, humidity and latent heat fluxes from
ECMWEF. In addition, improvement of the reso-
lution from 10°x 8° to 2.5°x2.5° had been per-
formed for regional studies (Ramonet et al., 1996).
The vertical resolution of the model is 9 iso-sigma
layers distributed from the surface to 10 hPa.
There is no explicit PBL (planetary boundary
layer) in the TM2Z, and tracers emitted at the
surface are homogeneously distributed in the first
layer (around 400 m). The TM2Z model has been

Tellus 48B (1996), 4

447

used to simulate the concentrations of Radon-222
(a radioactive continental tracer) both at sea level
(Ramonet, 1994) and in the free troposphere
(Ramonet et al., 1996).

A new assessment of sources and sinks was also
made for the year 1990, following the approach
of Heimann and Keeling (1989). The global scen-
ario was split in 10 components: one for the
industrial releases; four for the terrestrial biosphere
(net primary productivity or NPP, heterotrophic
respiration, deforestation, fertilization effect); and
five for the oceanic exchanges (North Atlantic,
North Pacific, Tropical Oceans, subantarctic/sub-
tropical Oceans and Antarctic Ocean). All of them
have been updated to 1990 (Ramonet, 1994). In
particular, NPP has been calculated from remote
sensing NDVI for the year 1990 (Ruimy et al.,
1994). For each of the ten components a 4 years
run was performed with a perpetual 1990 meteoro-
logy. Simulated atmospheric CO, concentrations
were extracted each hour during the fourth year.

Because this study is designed as a regional
study, focused on the mid-southern latitudes, a
special attention was given to the air/sea CO,
exchanges over the subtropical/subantarctic
oceans, i.e. the band between 20°S and the Polar
Front (&50°S). North of 20°S the space-time
distribution of the ApCO, is similar to the distribu-
tion used by Heimann and Keeling (1989). The
magnitude of the global CO, fluxes in these
regions are adjusted in order to obtain the best fit
with the annual mean of the latitudinal gradient
observed in 1990. South of the Polar Front the
ApCO, is known to be very variable due to the
biological activity in the surface water (Inoue
et al, 1988; Metzl et al., 1991; Takahashi et al.,
1993; Poisson et al, 1993). However, the atmo-
spheric data seem to indicate that there is a CO,
source in the waters around Antarctica (Tans
et al,, 1990). Because there is not enough data to
estimate the space-time distribution of ApCO, in
this region, we have chosen a constant value of
10 patm (Tans et al., 1990).

For the oceanic exchanges in the subtropical/
subantarctic area, we used new datasets of ApCO,
over the Indian and Atlantic oceans (Poisson
et al,, 1993; Weiss et al., 1992). These data provided
seasonal relationships between ApCO, and SST
(Ramonet, 1994). Then, the oceanic fluxes were
calculated from the Liss and Merlivat (1986)
relationship by using the surface temperature and
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wind fields at 10m given by the ECMWF’s ana-
lyses for the year 1990. The exchange coefficients
were scaled by a factor of 1.77 to get an annual
mean of 0.06 mol m~2 y~2 ppmv~?! according to
the 14C budget (Broecker et al., 1986). It must be
emphasized that we did not adjust the oceanic
fluxes deduced from the observed ApCO, and SST
maps in the subantarctic/subtropical region. The
annual distribution of ApCQ, is shown in Fig. 2,
together with the locations of the oceanographic
cruises. It clearly indicates the position of the
oceanic CO, sink in the subtropical/subantarctic
zone (30°S—45°S), estimated around 1.4+ 1.0 GtC
y ! (Ramonet, 1994). The annual CO, flux distri-
bution is shown on Fig. 3.

It is well-known that a large inter-annual vari-
ability of the latitudinal gradient occurs (Conway
et al,, 1994; Keeling et al., 1995; Francey et al,
1995) corresponding mainly to change in CO,
fluxes rather than in atmospheric circulation (Law
and Simmonds, 1996; Bousquet et al., 1996). In
the subtropical/subantarctic zone, our estimated
CO, fluxes do not correspond, in the strict sense,
to the particular year 1990: ApCO, are derived
from a climatological oceanographic dataset (see
above) without adjustment procedure for 1990,
while CO, gas exchange coefficients are computed
for the year 1990. So, in the following, we compare
simulated longitudinal and vertical gradient at
40°S both with the 1990 observed values and with
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the estimated climatological gradients (specifically
the range observed during the period 1988-1992).

Using the same transport model and the same
flux distribution, an extensive study of the CO,
seasonal cycle over the Austral Indian ocean had
been performed (Ramonet, 1994; Ramonet and
Monfray, 1996). These studies demonstrated
the ability of the TM2Z to reproduce with a good
precision (+0.3 ppmv) the seasonal cycles
observed at the major austral stations. In the
following, we analyze the annual gradients simu-
lated by the TM2Z model over the subantarctic/
subtropical ocean in terms of fossil fuel, biospheric
and oceanic contributions. Also, we compare simu-
lated values to the data.

4, Simulated CO, gradients over the Austral
Indian ocean

The latitude-height cross section of the CO,
annual means simulated at the longitude of CGO
(144°E) is displayed in Fig. 4. The large interhemi-
spheric gradient (3 ppmv) is mostly induced by
the industrial CO, released in the northern hemi-
sphere. The southern upper troposphere appears
to be relatively rich in CO, compared to the lower
troposphere. This is due to the fact that: (1) air
parcels are transported from one hemisphere into
the other predominantly via the upper troposphere

pCOz Ditference (Ocean - Atrnosphere)

-50 0
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Fig. 2. Annual ApCO, (ocean—atmosphere) in ppmv. The thick black lines show the oceanographic cruises from
which we used the measurements to establish seasonal ApCO, maps in subtropical/subantarctic area. Isolines are
displayed each 10 ppmv from —50 to 50 ppmv. Shaded area corresponds to the negative values, and dark gray to

the values lower than —30 ppmv.
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Fig. 3. Annual net flux of carbon for 1990. Isolines are —10, —3, —1, —0.1, 0.1, 1, 3, 10, 100 1072kgCm~ 2 yr~ 1.
Shaded area corresponds to the negative values (from the atmosphere to the biosphere/oceans), and dark gray to

the values lower than —3 107 2kgC m™2 yr™*,
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0.000 v
0.062 -/.

0.144}

'o-'"é,b/‘:"“

0.252¢

0.390}

Sigma

0.554}

0.729 ¢

0.867 1

3831

Annual Mean

50

Latitude

Fig. 4. Vertical section of atmospheric CO, at 144°E. Values are referred to the South Pole. Isolines are —0.2, 0.0,
0.2, 0.4, 0.6, 0.8 ppmv, and each 0.5 ppmv from 1 to 6 ppmv. Shaded areas correspond to concentrations greater or

equal to 1 ppmv.

(Prather et al, 1987, Plumb and Malham, 1987;
Taguchi, 1993; Bousquet et al., 1996), and (2) the
oceanic surface is a CO, sink at mid-southern
latitudes (Fig. 3). Finally, over Australia a CO,
enhancement is found due to nearby fossil fuel
emission.

These continental influences are removed from
the time series observed at CGO. Indeed, the
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baseline selection aims to select only periods of
long-range transport over the ocean (Beardsmore
and Pearman, 1987). It was pointed out by
Ramonet and Monfray (1996) that some precau-
tions have to be taken when comparing baseline
data, with simulated values in coastal stations like
CGO. To take into account the role of baseline
selection on surface and free tropospheric simu-
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lated values, we have used criteria based on simu-
lated Radon-222, a radioactive continental tracer
emitted by soil with a 3.8 d life time. Basically, air
masses associated with rich Radon-222 concentra-
tion are considered to be recently affected by
continental fluxes. Ramonet and Monfray (1996)
considered a 500 mBq threshold to select baseline
periods at CGO. The value of this threshold can
be chosen in a relative wide range but a low value
would reject too much data for reliable means
(Law, 1996), and a high value would increase the
synoptic dispersion in contradiction with baseline
data (Ramonet and Monfray, 1996). In the follow-
ing, we have used a 100 mBq threshold for the
whole tropospheric column above CGO. Such a
value enables us to obtain similar results to
Ramonet and Monfray (1996) who used a 500
mBq threshold (annual mean is changed by only
0.02 ppmv). It also gives a significant rejection
ratio (around 0.5) in the free troposphere where
Radon-222 values are significantly lower than at
the surface (Ramonet et al., 1996, Heimann et al.,
1990). Finally, no correction has been made over
AMS where the baseline selection affects very
slightly the CO, cycle because the island is very
far from the continents (Ramonet and Monfray,
1996).

The simulated vertical gradient over CGO and
AMS are plotted, together with the observations,
in Fig. 5. All the values are referred to the annual
concentration at CGO taking into account the
baseline selection. The CO, concentrations simu-
lated in the upper layers above CGO are shown
both with and without applying the Radon-222
criteria to select the baseline values. The main
feature of the vertical gradients is an increase of
CO, concentrations with height, both in observa-
tions and simulation. The simulated concentration
increases vertically with a strong gradient between
the first layer, homogeneously mixed, and the
upper layers. The gradient across the PBL is even
stronger over AMS (0.33 ppmv), which is located
in the center of our estimated oceanic sink (see
Fig. 3). In the real world the gradient in the first
1-2km is probably smoother but the vertical
resolution of the model is too coarse, and no
dataset is available to constrain values across the
PBL. For the upper layers above CGO, the base-
line selection affects only weakly the annual
concentration (around —0.05 ppmv at 4 km) in
comparison to the larger effect, —0.2 ppmv, at the
surface (not shown in Fig. 5). This fact suggests
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Fig. 5. Longitudinal and vertical annual gradients over
Austral Indian ocean. Zero corresponds to CGO baseline
values (black diamond). Observed values for the year
1990 are displayed for AMS (open circle) and mid-/high-
troposphere (black squares). Horizontal error bars indi-
cate the range value (41 sigma) for the period
1988-1992. Vertical error bars indicate the range of the
altitude of the flask sampling. Simulated profiles are
shown by continuous curves: above AMS (gray line),
and above CGO with (continuous line) and without
(dashed line) baseline selection for upper layers.

that the sampling strategy, especially to deal
with baseline conditions, during aircraft flight is
not very sensitive. Another possible bias in the
model/data comparison comes from the location
of mid-troposphere sampling which extend from
Bass Strait to over CGO, and can be affected by
local gradient not simulated in the model. Recent
data estimate this gradient around 0.1 ppmv
(Francey, R., personal communication). For upper
troposphere, this effect can be greater because
aircraft flights was made above a wider area: the
southern part of Australia.

Despite errors of the order of 0.2 ppmv due to
the sampling strategy (see above) and the lack of
continuous intercalibration (see part 2), our ana-
lysis brings out that the simulations failed, in a
climatological sense, to match the data since: (1)
the vertical gradient over CGO is too weak
(around one third), though the gradient between
mid and high troposphere is reasonably good, and
(2) the longitudinal gradient AMS minus CGO is
in opposite sign of the observations (AMS is
estimated depleted relatively to CGO).

We have investigated how model/data discrep-
ancies vary with the seasons. The monthly differ-
ences between CGO and AMS, and between CGO
and the mid-troposphere are plotted in Fig. 6 (a
and b). The low flight frequency (around once a
month) forbids to resolve accurately the seasonal
cycle with a few years dataset, so we have displayed
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Fig. 6. Simulated and observed differences of CGO relat-
ive to AMS (a) and to the mid-troposphere (b). Data are
as in Fig. 1, except standard deviations (shaded area)
refer to 1980-1992 for (a) and to 1976-1992 for (b).
Simulated values are displayed for 3 experiments: all
components (thick line), only biospheric component
(thin line) and all components with an extra oceanic sink
(dashed thick line) (see text).

the standard deviation of monthly data averaged
over a longer period (1980-1992 for CGO minus
AMS; 1976-1992 for CGO minus aircraft meas-
urements) than in Fig. 1. The lack of intercalib-
rations through the 1980-1992 period makes the
annual difference between CGO and AMS (aver-
aged over this period) poorly significant. However,
this problem is less crucial for the shape of the
seasonal cycle, because the drift of CO, scales
probably occurs over few years, rather than few
months. Finally, except in springtime (Sep—Nov),
simulated differences between CGO and AMS are
weaker than the observations, specially in Autumn
(Mar-May). The seasonal cycle of the vertical
gradient is correctly simulated for the first har-
monic with larger gradients in summertime
(Dec—Mar), as already pointed out by Tans et al.
(1989), but not for the second harmonic with
higher gradients during wintertime (Jun—Aug).

5. Discussions
Asis shown in Fig. 5, the annual CO, concentra-
tions over CGO decreases with height, both in the

data and the model. Such a vertical gradient in
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the southern hemisphere may have two origins:
(1) a drawdown of surface concentrations due to
a surface sink, and (2) an enrichment of the upper
troposphere due to CO,-enriched air coming from
the northern hemisphere. In the following, we
discuss the contributions of the biospheric, indus-
trial and oceanic components to the composite
simulated gradients.

5.1. The continental biosphere

The terrestrial biospheric contribution domin-
ates the composite seasonal cycle of atmospheric
COQ, in the southern hemisphere (Heimann et al.,
1989; Ramonet, 1994). As illustrated by Fig. 6, the
seasonal cycles of the differences of concentrations
between (a) CGO and AMS, and (b) CGO and
the mid-troposphere, are also mainly driven by
the biospheric component.

In addition to seasonal variations, the terrestrial
biospheric fluxes can also induce annual gradients
according to two processes:

(a) An annual CO, sink or source. Yet, in
southern middle latitudes the effect of deforesta-
tion or reforestation/fertilization is only of second
importance for driving the annual mean CO,
concentration (Heimann and Keeling, 1989;
Ramonet, 1994). This is particularly true near
Australia where biomass is located mainly on the
East Coast.

(b) A cross-correlation between vertical mixing
and CO, fluxes. As pointed out by Denning et al.
(1995), although the net annual biospheric fluxes
are equal to zero at every grid point (the NPP is
balanced by the soil respiration over an annual
cycle) they can induce annual mean gradients in
the atmosphere. In fact, vertical stratifications are
associated with CO, respiration (during night
and/or wintertime). Consequently CO,-enriched
air is confined to the surface layer. On the other
hand, strong convection occurs during the day
and/or summertime, and dilute vertically the CO,
depletion due to photosynthesis. This non-
symmetrical process, during release or uptake of
biospheric CO,, enriches the annual mean concen-
trations in surface layer. This process can result
in a 2 ppmv enhancement of the zonally averaged
CO, concentrations in northern hemisphere
(Denning et al, 1995; Rayner and Law, 1995).
However, in southern hemisphere this effect seems
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to be weaker by one order of magnitude (Rayner
and Law, 1995).

Our model takes into account both processes
“a” and “b”. The seasonal variation of vertical
mass flux due to cumulus convection is repro-
duced, but the coarse vertical resolution of TM2Z
does not allow to reproduce the dynamic of the
PBL. However, we have performed a sensitivity
test which consists in expanding the continental
PBL to two layers during summertime (the two
first layers are homogeneously mixed), while in
wintertime the first layer is vertically stratified
according to the slope advection scheme used in
the model (Russel and Lerner., 1981). The contri-
bution of the terrestrial biosphere on annual ver-
tical gradients at CGO and AMS is shown in
Fig. 7. It is worth noting that the horizontal scale
is different from Fig. 5. In any case the terrestrial
biospheric contribution is weaker than 0.1 ppmv.
Adding the baseline selection at CGO (not shown)
results in an intermediate case between coastal
case (CGO w/o selection) and marine case (AMS).
The CGO minus AMS gradient is always weaker
than 0.05 ppmv. So, a crude representation of the
seasonal behavior of the continental PBL increases
by only 0.05 ppmv the annual surface concentra-
tion at CGO. This is more than ten times less
than the PBL effect in the northern hemisphere
(Denning et al, 1995). Even if we reduce by a
factor of two the vertical convection and diffusion,
previous statements still remain true. In conclu-
sion, the biospheric contribution appears to be
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Fig. 7. Vertical annual gradients over Austral Indian
ocean: the biospheric contribution. Black lines corre-
spond to CGO (w/o selection), gray lines to AMS values.
Two scenario are prescribed for PBL (see text): constant
(continuous lines) or variable (dashed lines). All profiles
are referred to CGO values with constant PBL.
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too small to play a major role in the observed
gradients.

5.2. The fossil fuel CO,

A permanent CO, flow from the northern hemi-
sphere to the southern hemisphere (resulting from
the fossil fuel burning in industrial countries) had
been highlighted by several authors (Pearman and
Hyson, 1986; Keeling et al., 1989; Tans et al;
1990). Rayner and Law (1995) had compared the
simulation of this process by 12 atmospheric trans-
port models. Basically, all the models produce in
the southern hemisphere a mean depletion of the
surface layer relative to the mid-troposphere (500
hPa), ranging from around 0.1 to 0.2 ppmv. This
behavior is due to the preferential interhemispheric
transport of CO,-enriched air in the upper tropo-
sphere (see also Fig. 4, and Bousquet et al., 1996).
The industrial contribution to the vertical gradi-
ents above CGO and AMS is shown on Fig. 8. As
a sensitivity test, we have also plotted the gradients
obtained with a reduced vertical mixing (convec-
tion and diffusion divided by a factor of two).
Despite an uncertainty of a factor of 2 on the
vertical gradient due to transport modeling
(Rayner and Law, 1995), it clearly appears that a
large scale fossil fuel structure cannot explain: (1)
the observed CGO vertical gradient (around
1 ppmv throughout the troposphere); and (2) the
surface depletion of CGO versus AMS (despite a
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x
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o
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<
2 8
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CO2 deviation from CGO (ppm)
Fig. 8. Longitudinal and vertical annual gradients over
the Austral Indian ocean: the fossil fuel contribution.
Same as Fig. 6 but simulated profiles correspond only
to fossil fuel CO,: above AMS (gray line), and above
CGO with (thick line) or without baseline selection
(dashed line). Values are referred to CGO baseline value.
The thin line is as thick line but corresponds to a sensitiv-
ity experiment where vertical convection and diffusion
are divided by a factor of two.
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0.2 ppmv difference in the upper troposphere).
Finally, it is worth noting that the baseline selec-
tion at CGO removes a large part of the Australian
industrial contribution (see Fig.4), estimated
around 0.15 ppmv in the surface layer and less
than 0.1 ppmv in upper layers.

5.3. The subtropical/subantarctic oceanic sink

The contribution of oceanic sources/sinks to the
vertical gradient above CGO and AMS is plotted
in Fig. 9. Two main features appear: a first layer
depleted by a few tenth of ppmv; and a regular
decrease with height in upper layers. Such an
oceanic component is strong enough to explain
more than half of the observed vertical gradients.
This is attributable to the fact that the subtropical/
subantarctic ocean is the major CO, sink for the
southern hemisphere. Near the surface a sharper
gradient appears because AMS and CGO are
located within the subtropical/subantarctic band
where the CO, sink is located (see Fig. 2). This
phenomena is stronger at AMS, located in the
middle of the estimated sink (see Fig. 3).

Finally, our analysis indicates that the biosph-
eric and industrial contributions are too small to
explain the significant depletion of CGO com-
pared to AMS and the mid-troposphere. The
oceanic contribution seems to be the only one
strong enough to explain the observed gradients.
However, as shown above, our present estimation
of the oceanic sink failed to match the observed
gradients. Two problems in our simulations can
be brought up to explain the disagreement: the
crude representation of the PBL; and the estima-

(km)

Altitude
»
)

0.5 0 0.5 1 1.5
CO2 deviation from CGO (ppm)

Fig. 9. Longitudinal and vertical annual gradients over

Austral Indian ocean: the oceanic contribution. Same as

Fig. 8 but simulated profiles correspond only to oceanic

sources and sinks.
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tion of the subtropical/subantarctic CO, sink.
First, our representation of the PBL (400 m) in
the TM2Z model minimizes the marine PBL, and
so has a tendency to increase the vertical gradient
over marine areas. Consequently, a more realistic
marine PBL would not help to resolve the
observed CGO depletion. Second, our estimation
of the oceanic fluxes is based on oceanographic
transects in the Atlantic ocean and the western
part of the Southern Indian Ocean (see Fig. 2). As
noted above, a large uncertainty remains on the
global subtropical/subantarctic sink (1.4+1 GtC
y~1). A 70% increase of this component (without
rebalancing the whole oceanic budget) could
explain the observed vertical gradient above CGO;
but not the CGO depletion relative to AMS.

For this last reason, and also because the
Australian continent can affect the oceanic circula-
tion as well as the surface water characteristics
(still unsampled for pCO,), we have performed a
sensitivity experiment, by adding an extra oceanic
CO, sink off South Australia. Over an area of 20°
in longitude by 10° in latitude south of Australia
(126.25E to 146.25E/38.75S to 48.75S), we have
depleted our estimation of ApCO, by — 30 ppmv
all around the year. This implies very low values
of ApCO, all along the year in the considered
oceanic region: —60 ppmv on annual average
(from —80 ppmv in summer to —45ppmv in
winter), instead of —30 ppmv without the extra
sink. Such an extra sink leads to improve the
simulated annual gradients, in comparison to the
observations (Fig. 10). But significant discrepancy
remains as the Summer/Autumn depletion of
CGO relative to AMS (Fig. 6), however no sea-
sonal variability had been included in our sensitiv-
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Fig. 10. Longitudinal and vertical annual gradients over
Austral Indian ocean. Same as Fig. 5 but with an extra
oceanic sink located south of Australia (see text).
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ity experiment. Yet, it is worth noting that recent
oceanographic campaign made by the CSIRO-
Hobart in the region of interest reveal ApCO, as
low as —80ppmv during summertime (B.
Tilbrook, personal communication). In spite of
this confirmation of low ApCO,, the strength of
the hypothetical sink we deduce from our study
remains poorly constrained because: (1) the area
of such sink is not clearly defined, (2) the measured
gradients can be affected by too low sampling
frequency in the mid-troposphere and by system-
atic errors of the order of 0.2 ppmv (see above),
and (3) the atmospheric transport modeling can
also introduce systematic biases. However, our
study clearly points out the interest of more
oceanographic campaigns south of Australia to
outline the regional and seasonal patterns of the
CO, oceanic sink in this active area, and of an
extended vertical CO, survey from Tasmania to
Perth area.

6. Conclusions

We have focused our study on the East-West
and vertical CO, gradients that exist over the
southern middle latitudes, with the goal to relate
them to the regional fluxes.

First, using the French—Australian CO, intercal-
ibration (August 1990) and recent corrections for
the drift of the Australian CO, calibration scale,
we have found a permanent depletion of the
Australian CO, monitoring station (Cape Grim,
CGO) compared to the free troposphere (about
1ppmv), and to Amsterdam Island (about
0.5 ppmv) which is located in the same latitud-
inal band.

Second, using a 3-D atmospheric transport
model (TM2Z) based on meteorological analysis
and on a global diagnostic scenario of CO, fluxes
for the year 1990, we have analyzed the respective
contributions of industrial, oceanic and terrestrial
biospheric fluxes to the annual gradients. In con-
trast to the northern hemisphere, the influence of
the terrestrial biosphere is small due to the lower
continent/ocean area ratio in southern middle
latitudes. This contribution is also lowered by the
baseline selection which emphasizes the marine
air masses. A sensitivity study was also performed
to mimic the seasonal cross-correlation between
biospheric fluxes and vertical mixing. It showed
that in any case the terrestrial biosphere induces
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only small gradients (less than 0.1 ppmv) over the
subtropical/subantarctic ocean.

The invasion of northern enriched-CO, air in
southern hemisphere occurs preferentially in the
upper troposphere, and it induces a relative deple-
tion of surface layers in comparison to the mid-
troposphere (of the order of 0.2 ppmv). Despite
large uncertainties in the atmospheric transport
modeling (about a factor of 2) we concluded that
such a process explains only few tens per cent of
the observed gradients.

The subtropical/subantarctic CO, oceanic sink
appears to be the major process involved in the
CGO depletion. Our present estimation of this
oceanic sink is based on oceanographic campaigns
made in the Indian, Atlantic and Pacific oceans.
It is mainly located at the same latitude than
CGO and AMS. Consequently, a few tenths
of ppmv vertical gradient occurs throughout the
PBL, together with a regular increase in the free
troposphere of the same order of magnitude. Such
an oceanic contribution explains more than half
of the observed CO, gradient over CGO, but not
the CGO depletion relative to AMS. Since our
estimation of the oceanic sink, does not rely on
any oceanographic observation from the eastern
part of the Indian ocean, we have performed a
sensitivity test by adding an extra oceanic sink
south of the Australian mainland and west of
Tasmania. With such an hypothetical CO, sink
(ApCO, equal to —60 ppmv on annual average)
it is possible to crudely reconstruct signs and
magnitudes of both longitudinal and vertical gra-
dients observed over the Southern Indian ocean.
Furthermore, such a strong pCO, depletion in the
water westward of Tasmania had been recently
measured during summertime.

This agreement between our atmospheric pre-
diction, of an oceanic CO, sink, and new oceano-
graphic dataset is promising. The regional patterns
of the oceanic fluxes may be successfully deter-
mined by aggregating both dense oceanographic
and atmospheric datasets: one part used to estab-
lish a diagnostic of CO, fluxes, and the other part
used as a validation tool.

However, the uncertainty of the measured gradi-
ent, around 0.2 ppmyv, is still too large to precisely
constrain the oceanic CO, sink near Australia.
Further studies are also needed to estimate the
role of the atmospheric boundary layer and of the
vertical mixing, implying modeling and measure-
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ments with higher resolution, both vertically, hori-
zontally and seasonally. Particularly, study on the
role of undersampling must be addressed versus
flight frequencies. Finally, in a context of the
changing climate and carbon cycle, both atmo-
spheric and oceanic CO, monitoring stations are
needed to determine the inter-annual variability
of the southern oceanic sink.
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