Available online at www.sciencedirect.com

" ScienceDirect

DEEP-SEA RESEARCH
Part I

ELSEVIER Deep-Sea Research 1 53 (2006) 1548—1563

www.elsevier.com/locate/dsr

Summer and winter air—-sea CO, fluxes in the Southern Ocean

N. Metzl*, C. Brunet, A. Jabaud-Jan, A. Poisson, B. Schauer

Laboratoire d’Océanographie et du Climat: Experimentation et Approches Numeriques, Institut Pierre Simon Laplace, CNRS-UMR 7159,
Universite P. et M. Curie, Case 100, 4, place Jussieu-75252 Paris Cedex 5, France

Received 16 August 2005; received in revised form 14 June 2006; accepted 14 July 2006
Available online 22 September 2006

Abstract

The seasonal variability of the carbon dioxide (CO,) system in the Southern Ocean, south of 50°S, is analysed from
observations obtained in January and August 2000 during OISO cruises conducted in the Indian Antarctic sector. In the
seasonal ice zone, SIZ (south of 58°S), surface ocean CO, concentrations are well below equilibrium during austral
summer. During this season, when sea-ice is not obstructing gas exchange at the air—sea interface, the oceanic CO, sink
ranges from —2 to —4mmol/m?/d in the SIZ. In the permanent open ocean zone, POOZ (50-58°S), surface oceanic
fugacity fCO, increases from summer to winter. The seasonal fCO, variations (from 10 to 30 patm) are relatively low
compared to seasonal amplitudes observed in the subtropics or the subantarctic zones. However, these variations in the
POOZ are large enough to cross the atmospheric level from summer to winter. Therefore, this region is neither a
permanent CO, sink nor a permanent CO, source. In the POOZ, air-sea CO, fluxes calculated from observations are
about —1.1 mmol/m?/d in January (a small sink) and 2.5mmol/m?/d in August (a source). These estimates obtained for
only two periods of the year need to be extrapolated on a monthly scale in order to calculate an integrated air—sea CO, flux
on an annual basis. For doing this, we use a biogeochemical model that creates annual cycles for nitrate, inorganic carbon,
total alkalinity and fCO,. The changing pattern of ocean CO, summer sink and winter source is well reproduced by the
model. It is controlled mainly by the balance between summer primary production and winter deep vertical mixing. In the
POOZ, the annual air-sea CO, flux is about —0.5 mol/m?/yr, which is small compared to previous estimates based on
oceanic observations but comparable to the small CO; sink deduced from atmospheric inverse methods. For reducing the
uncertainties attached to the global ocean CO, sink south of the Polar Front the regional results presented here should be
synthetized with historical and new observations, especially during winter, in other sectors of the Southern Ocean.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction 50°S) are based mostly on data obtained in austral

summer. Previous studies suggest that the Southern

Direct estimates of the air-sea CO, fluxes in the
Southern Ocean (south of the Polar Front, around
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Ocean is a summer sink around —2 mmol/m?/d on
regional average in the Pacific and Indian sectors of
the Southern Ocean (Murphy et al., 1991; Metzl
et al., 1995). At local scales a strong sink reaching
—20mmol/m?/d in austral winter has been esti-
mated at the Kerfix/JGOFS station situated near
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the Polar Front (Louanchi et al., 2001) but this
result cannot be extrapolated for the whole South-
ern Ocean. At planetary scale, extrapolation meth-
ods based on oceanic data and climatological winds
estimate a carbon dioxide (CO,) sink around
—0.4PgC/yr south of 50°S (Takahashi et al., 2002;
this value corresponds to a revision of the original
calculation, available on http://www.ldeo.columbia.
edu/res/pi/CO2). On average the seasonal climato-
logical estimates correspond to about —3 mmol/m?/d
in January and —1.2mmol/m?d in July. For
large-scale estimates, atmospheric inverse calcula-
tions not constrained with a priori information on
the ocean suggest that the Southern Ocean is a
contemporary CO, source (e.g. Ciais et al., 1995).
However, when atmospheric inversions are con-
strained with oceanic pCO, climatology, they always
tend to reduce the Southern Ocean carbon sink
(Gurney et al.,, 2002). On the other hand, global
ocean carbon models generally calculate a strong
CO, sink in the Southern Ocean on average, but
at regional scale ocean models show dramatic
differences of the air-sea CO, flux distributions
(Orr et al., 2001).

Seasonal CO, observations in the Southern
Ocean are desperately needed to reduce the un-
certainties on the present carbon budget, to
constrain and validate numerical atmospheric and
oceanic indirect estimations, and to understand
why ocean models or coupled climate/carbon models
are so different at high latitudes (Friedlingstein
et al., 2003). In order to progress in the synthesis
of the contemporary climatological distribution of
air-sea CO, fluxes in the Southern Ocean, the
need of oceanic CQO, seasonal observations is
relevant for two reasons: in summer, when pri-
mary productivity is enhanced, the spatial varia-
bility of biogeochemical properties is very high, at
both large- and meso-scale (e.g. Bakker et al., 1997,
Inoue and Sugimura, 1988; Ishii et al., 1998;
Jabaud-Jan et al., 2004; Metzl et al., 1991, 1995,
1999; Poisson et al., 1993; Robertson and Watson,
1995; Sabine and Key, 1998; Takahashi et al., 1993).
Therefore, extrapolations of local observations
made in summer underestimate the pCO, spatial
variability and consequently the air—sea CO, fluxes
at regional and basin-scale. The second reason is
that in austral winter few data are available in
the Southern Ocean and therefore new observa-
tions would obviously improve the large-scale
monthly pCO, climatology deduced from extra-
polations (Takahashi et al., 2002) and reduce

uncertainties attached to indirect methods (Gurney
et al., 2002). In addition to pCO,, the seasonal
cycles of dissolved inorganic carbon (DIC) and
total alkalinity (TA) are very important to observe
and understand in order to validate global
ocean biogeochemical models which have difficul-
ties in simulating the carbon cycle in the Southern
Ocean.

Since the 1990 cruises have been regularly
conducted in the southwestern Indian Ocean to
better describe and understand the pCO, and
air-sea CO, fluxes seasonality (Poisson et al.,
1993; Metzl et al., 1995, 1999). These data have
been included in the global pCO, data synthesis
published by Takahashi et al. (2002) and suggest
that the southwestern Indian Ocean represents a
significant annual CO, sink, especially in the sub-
Antarctic zone. For some periods it has been
possible to start exploring interannual variability,
first in the subtropical and the sub-Antarctic zones
(Metzl et al., 1995) and recently at higher latitudes
but for summer only (Jabaud-Jan et al., 2004).
Although previous cruises represent an important
contribution to the global pCO, synthesis (all
cruises are available at CDIAC, http://cdiac.ornl.
gov/oceans/pco2inv.html), no cruises were con-
ducted during austral winter south of the Polar
Front (around 50°S in the Indian sector).

In 2000 we have, for the first time, been able to
obtain measurements of the oceanic CO, system
(pCO,, DIC and TA) for the sea surface and water
column at high latitudes in both summer and winter
seasons. This paper extends previous analyses, by
presenting new data that aids in our understanding
of the seasonal CO, cycle and associated air-sea
fluxes in high latitudes of the Southern Ocean. After
a short description of the seasonal distribution at
large-scale (20-60°S) this paper is focused on the
seasonal variations in the Southern Ocean, south of
the Polar Front. Based on observations we evaluate
the air-sea CO, fluxes for summer and winter. We
then use a 1D semi-prognostic biogeochemical
model to simulate the annual cycles of nitrate,
DIC and pCO, in the permanent open ocean
zone (POOZ), and we derive an estimate of the
annual air—sea CO, flux in this region. The observed
and simulated seasonalities of pCO, and CO, flux
are compared to other estimates (climatology
and atmospheric inversions). Finally we attempt
to extrapolate the annual flux for the circum-
polar zone based on regional biogeochemical
characteristics.
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2. Data collection and methods

As part of the OISO program (Océan Indien
Service d’Observations, INSU/IPSL), we conducted
two cruises in 2000 in the southwestern Indian
Ocean (20-60°S) onboard the R.S.S. Marion-
Dufresne IPEV/TAAF): one during austral summer
(January 2000) and another in winter (August
2000). During these cruises, hydrological and
biogeochemical properties were measured in both
the surface and all through the water column from
20°S to 60°S (Fig. 1). Continuous sea-surface
measurements were obtained for temperature
(SST), salinity (SSS), fluorescence, CO, fugacity
(fCO,), total DIC and TA. Surface water was also
regularly sampled to measure salinity, nutrients
(nitrate + nitrite, silicate) and chlorophyll a concen-
trations. In addition to surface data, the water
column was sampled in selected regions. For most
of the stations only the first 1000m of the water
column were sampled at each station, a strategy
designed to harmonize the timing of the cruise’s
operations for logistics to the French Sub-Antarctic
Islands. During the OISO cruises in year 2000
two stations were full depth in the POOZ: one
situated south of the Polar Front (Station 10 at
50°40'S, a reoccupation of station INDIGO 16,
Poisson et al., 1988, and KERFIX/JGOFS time
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series station, Jeandel et al., 1998), and one located
north of the seasonal ice zone (SIZ) (Station 11 at
56°30'S—63°E).

The hydrographic casts were performed with a
conductivity—temperature—depth (CTD Seabird 911
plus) equipped with a fluorometer (Mk III, Aqua-
tracka). Temperature and conductivity probes were
calibrated before each cruise. A 24-rosette was used
for water-column sampling. Bottles were fired at
standard depths to measure nutrients, chlorophyll a,
DIC, TA. Continuous surface and water-column
salinity records were controlled by regular conduc-
tivity measurements (Guildline Autosal 8400B).
Sea-surface temperature was also checked against
CTD’s surface temperature. Nutrients (silicate and
nitrate + nitrite) were measured with an Autoanaly-
zer Il Technicon by standard colorimetric methods.
TA and total DIC were measured onboard for both
surface and water-column samples by a potentio-
metric method with a closed cell (Goyet et al., 1991).
For continuous measurements of sea-surface TA
and DIC, the system was automated for sampling
seawater and transferring it into the cell. For
calibration, we used the certified referenced materi-
als (CRMs, Batch #46 and #49) provided by
Pr. A. Dickson (SIO, University of California).
The accuracy estimated from the CRMs values
for both cruises was between 1.9 (£0.8) and 2.2
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Fig. 1. Track of the OISO-4 and OISO-5 cruises conducted in January and August 2000 in the Southern Indian Ocean. This study focuses
on seasonal observations made in the Southern Ocean south of Kerguelen Island. Stations 10 and 11 around 51°S and 56°S are located
(filled circles). The boundary of the polar front as deduced from sea surface temperature (Moore et al., 1999) is also indicated.
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(£0.8) umol/kg for TA and DIC. The reproduci-
bility estimated from replicate analysis of surface
and deep samples (mean difference) was on average
2.4 umol/kg for TA and 1.4 umol/kg for DIC.

The fCO, measurement technique has been
previously described for cruises conducted during
years 1990-1998 (Poisson et al.,1993; Metzl et al.,
1995, 1998, 1999; Jabaud-Jan et al., 2004). This
instrumentation was also used by our group during
the international at-sea intercomparison of fCO,
systems (Koertzinger et al., 2000). In short, sea-
surface water was continuously equilibrated with a
“thin film” type equilibrator thermostated with
surface seawater. The CO, in the dried gas was
measured with a non-dispersive infrared analyser
(NDIR, Siemens Ultramat 5F). Standard gases for
calibration (270, 350, 480 ppm) and atmospheric
CO, were measured every 7h. To correct measure-
ments to in situ data, we used polynomials given by
Weiss and Price (1980) for vapour pressure and by
Copin-Montégut (1988, 1989) for temperature
(temperature in the equilibrium cell was about
0.2-0.8°C warmer than SST). The oceanic fCO,
data are accurate to about +0.7 patm.

Atmospheric CO, concentrations measured reg-
ularly during the cruises are presented in Fig. 2.
South of 30°S, the average concentrations were
366.2 ppm (£0.5) in January 2000 and 367.6 ppm
(£0.4) in August 2000. The temporal increase of
1.4ppm from January to August is associated with
both remote anthropogenic emissions and natural
but low seasonal variations of atmospheric CO, in
this region. The average values are close to CO,
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Fig. 2. The meridional distribution of atmospheric CO, con-
centrations measured on-board for January 2000 (open triangles)
and August 2000 (filled circles). The average concentrations of
atmospheric CO, of 366.3 ppm (+0.6) in January and 367.6 ppm
(£0.4) in August compared well with those obtained on a daily
basis at the Amsterdam monitoring station located at 38°S in the
South Indian ocean.

measurements made at monitoring station Amster-
dam (Fig. 1) located at 38°S in the South Indian
Ocean, where monthly CO, concentrations were
366.3ppm (£0.1) for January 2000 and 367.2
(£0.2) for August 2000 (M. Ramonet, LSCE/IPSL,
pers. comm.). It should be noted that some noise
and variabilities of atmospheric CO, concentrations
have been identified in the northern part (maybe
related to continental air masses as we observed this
signal only in the western region) and in the frontal
region or near sub-Antarctic islands Crozet and
Kerguelen around 47-50°S in summer. We will see
in the next section that the frontal zone is
dominated by a large oceanic fCO, variability in
summer. It is also interesting to note that during
summer the atmospheric CO, concentration de-
creases southward (not considering one sample
measured near Kerguelen Island at 49°S). During
austral winter, this is the opposite, CO, concentra-
tions being lower at 30—45°S compared to measure-
ments made at 45-55°S (Fig. 2). The meridional
CO, gradient between the subtropical and polar
regions was about 0.5 ppm, representing 10% of the
signal observed between the Equator and South
Pole (GLOBALVIEW-CO2, 2003). Considering
that the terrestrial carbon sources and sinks are
almost non-existent south of 40°S (e.g. Bousquet
et al., 2000), the changing distribution of atmo-
spheric CO, concentrations observed in January
and August during our cruises could reflect rela-
tively large changes in oceanic CO, sources and
sinks in both sub-Antarctic zone and Southern
Ocean.

3. Seasonal observations of the CO, system in the
Southern Indian Ocean

3.1. Large-scale oceanic fCO, seasonal variability

The summer and winter fCO, measurements
made in year 2000 in the Southern Indian Ocean
show large seasonal variations in all regions, from
the subtropics to high latitudes along both the
western and eastern tracks (Figs. 3A and B). In the
subtropical region (20-35°S), the seasonal ampli-
tude varies between 50 and 70 patm, with under-
saturation in winter when the surface ocean is
colder. This is a well-known seasonal signal
observed in all subtropical regions of the northern
and southern hemispheres (Bates et al., 1996; Metzl
et al., 1998; Poisson et al., 1993; Weiss et al., 1982;
Winn et al., 1998).
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Fig. 3. Meridional distribution of oceanic and atmospheric fCO,
measured in January 2000 (open triangles) and August 2000
(filled circles) in the southwestern Indian Ocean along the western
track (A) and the eastern track (B). Thin lines indicate the
atmospheric fCO,. SIZ is specified with a grey triangle.

In the frontal zone (35-50°S), which includes the
subtropical, the Agulhas, the Sub-Antarctic and the
Polar Fronts (Belkin and Gordon, 1996), the
changing distribution from summer to winter is
complex. During summer fCO, variations at meso-
scale are governed mostly by primary production,
whereas in winter the fCO, distribution appears
more homogeneous. On average, the oceanic CO,
sink in the frontal zone is stronger in summer than
in winter (Metzl et al., 1999). At local scale,
however, this could be the reverse as shown by the
measurements at 41-42°S (Fig. 3A). There, oceanic
fCO, was near equilibrium in summer but under-
saturated in winter. The low oceanic fCO,
(<320 patm) observed in winter at 41-42°S was
associated with a very strong eastward jet (up to
200 cm/s measured by ADCP onboard) and to a
sharp increase of sea-surface fluorescence. This
rather high biological signal for winter conditions,
which is observed each year since 1998 (as deduced
from an inspection of the SeaWIFS Chlorophyll a
monthly data set) probably originates from the
Agulhas Return Current (ARC) or is controlled by
the merging of the ARC and the sub-Antarctic

Front, as we did not observe such a biological event
(and low fCO,) further east during the winter cruise
(Fig. 3B).

South of 50°S, in the Southern Ocean, although
the SST is obviously higher in January than in
August, the oceanic fCO, is lower during austral
summer. In the Southern Ocean, seasonal variations
of fCO, are not as large as in the subtropics or in the
frontal zone but are large enough to create a
changing pattern of summer CO, sink and winter
CO, source. This variability is detailed in the
following sections.

3.2. The seasonal distribution of the CO, system in
the Southern Ocean

Continuous sea-surface observations of the CO,
system south of 50°S are presented in Fig. 4. Other
properties (nutrients and chlorophyll) measured
from discrete sampling are shown in Fig. 5. In
winter, no observations were obtained in the SIZ
south of 59°S. The seasonal variations of inorganic
carbon properties, nutrients and chlorophyll are
clearly revealed in the POOZ (50-56°S); for this
region we have calculated seasonal averages for
each property (Table 1). TA is almost the same
during both seasons (the seasonal difference of
normalized alkalinity is less than 1 pmol/kg). There-
fore, the seasonal variation of oceanic fCO, is
controlled mainly by changes in DIC and tempera-
ture. During summer, the decreases of DIC and
nutrient concentrations are due to consumption by
photosynthesis. In winter, the chlorophyll concen-
trations are low and homogeneous (Fig. 5, Table 1),
information never captured by satellite because of
cloud cover. During this season, when deep mixing
occurs and primary production is low because of
light limitation, surface DIC and nutrient concen-
trations are high. The continuous measurements
indicate that the seasonal change of DIC is about
the same over the entire region from 50°S to 59°S
(Fig. 4). On average, the increase of DIC is about
+ 15 umol/kg from January to August (Table 1).
This is observed both in surface waters (Fig. 4) and
in the mixed layer (Fig. 6).

The seasonal variation of DIC in the Indian
POOZ is significant but lower compared to other
oceanic regions. For example, in the subtropics DIC
varies from 20 to 40 pmol/kg (Keeling, 1993; Bates
et al., 1996; Metzl et al., 1998). In the Sub-Polar
North Atlantic and Sub-Antarctic regions the
observed seasonal DIC wvariations are about
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Fig. 4. Seasonal distribution of SST, fCO, (ocean and air, as in Fig. 3A), DIC and TA observed during OISO cruises along a repeated
track in the Southern Ocean (Indian sector, 63—68°E): for January 2000 (grey line and open triangles) and August 2000 (black line and
filled circles). SIZ during austral winter is indicated by a grey triangle.

50 umol/kg (Takahashi et al., 1993; Metzl et al., observed in the Pacific Antarctic waters (Rubin
1999). In the subarctic region of the Pacific Ocean et al., 1998): by comparing observations made in
the seasonal change of DIC could reach 100 umol/kg summer 1992 and summer/winter 1994, Rubin et al.
(Takahashi et al., 1993). The seasonal variations of (1998) indicate that DIC concentrations increase
DIC observed during OISO cruises in the Indian from austral summer to winter by 30-50 pumol/kg at

Antarctic waters (Fig. 4) are also lower than those different locations. On the other hand, our results
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track in the Southern Ocean (Indian sector, 63—68°E): for Janua
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show slightly higher seasonal changes compared to
what has been observed in the Weddell Sea (around
10-15 umol/kg, Hoppema et al., 1995). Although
seasonal observations of DIC in the Southern
Ocean are sparse, the comparison of the Indian,
Atlantic and Pacific sectors indicates that DIC is
always higher during austral winter over the entire
Southern Ocean.

The same conclusion can be reached when the
seasonal variations of nutrients are analysed. In the
Indian POOZ, average seasonal changes (winter
minus summer) for year 2000 were 10.8 pmol/kg for
silicate and 2.7 pmol/kg for nitrate (Table 1). In the

e) and nitrate (bottom) observed during OISO cruises along a repeated
ry 2000 (grey line and open triangles) and August 2000 (black line and
angle.

South Pacific POOZ, Rubin et al. (1998) reported
seasonal variations that vary between 0 and
20 umol/kg for silicate and between 3 and 7 umol/kg
for nitrate, depending on the location. Interestingly,
although the seasonal amplitudes of both DIC
and nutrients are not the same in the two regions
(Indian and Pacific POOZ), we found about the
same relative variations: attributing the seasonal
changes for DIC and nutrients to biological activity
only, the average measurements in the Indian
POOZ lead to a C/N ratio of 5.44, which is close
to the value of 62/11 (5.6) reported by Copin-
Montégut and Copin-Montégut (1978) in the South
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Table 1

Seasonal observed and modelled biogeochemical properties in
surface water and air-sea CO, fluxes averaged in the POOZ
(50-56°S) of the Indian sector of the Southern Ocean (based on
OISO cruises, in January and August 2000)

Jan-2000 Aug-2000
SST (°C) 3.5040.52 1.94+0.41
SST (RS) 3.09 1.69
fCO; (patm) 356.0+5.3 3755439
mod. fCO, 349.9 378.6
DIC (umol/kg) 2130.1+6.9 2146.5+6.0
mod. DIC 2134.3 2156.6
NDIC (umol/kg) 2199.5+5.3 2214.4+4.4
TA (umol/kg) 2282.6+3.3 2285.6+2.8
mod. TA 2281.2 2282.7
NTA (umol/kg) 2357.0+1.6 2357.8+14
Nitrate (umol/kg) 250+1.4 27.74+0.9
mod. Nitrate 25.0 28.0
Silicate (umol/kg) 13.0+6.9 23.84+6.6
Chl in situ (pg/l) 0.58+0.32 0.15+0.02
Chl Seawifs (ug/l) 0.394+0.07 No data

Numbers in italics indicate SST (RS, Reynolds and Smith, 1994)
and Chlorophyll (Chl) (monthly Chl from SeaWIFS) as well as
simulated values (fCO,, DIC,TA, nitrate) obtained using the 1D
biogeochemical model applied in the Indian POOZ.

Indian and lower than the C/N ratio of 6.9 (+0.6)
reported by Rubin et al. (1998) in the South Pacific
or 6.2 as deduced by Ishii et al. (1998) in the
marginal ice zone (MIZ) south of Australia at
140°E. For silicate, our seasonal observations lead
to a Si/C ratio of 0.72, which is also higher than the
ratio of 0.66 (+0.02) deduced in the South Pacific
(Rubin et al., 1998) but the same (0.72) as for the
MIZ (Ishii et al., 2002). These ratio are relatively
close to Redfield values, indicating that biological
processes are responsible for a significant part of the
seasonal variations of the carbon system, including
oceanic DIC and fCO,, and consequently the
seasonal air—sea CO, fluxes.

4. Seasonal and annual air-sea CO, fluxes in the
Southern Ocean

4.1. Observed fluxes in January and August 2000

The air-sea CO, flux, F, may be calculated from
in situ observations following the equation

F = kwK{AfCOs, (D)

where kw is the CO, gas transfer coefficient, which
depends on wind speed (Wanninkhof, 1992), K is
the solubility of CO, in seawater, which is a
function of temperature and salinity (Weiss, 1974),
and AfCO, is the sea—air fCO, difference
(AfCO, = fCO;0cean — fCOjatm).

In January, the sea-surface fCO, is always below
or near the atmospheric level south of 50°S (Fig. 4).
In the SIZ, undersaturation (AfCO,) varies from
—15 to —30 patm, whereas in the POOZ, AfCO, is
only about —7patm on average. During winter
fCO, is above the atmospheric level in the POOZ
(AfCO, = 10 patm). To obtain an estimate of the
seasonal CO, fluxes in the SIZ and POOZ, we have
calculated the fluxes using Eq. (1) with observed
oceanic and atmospheric fCO, and using two formu-
lations for the gas transfer coefficient (Wanninkhof,
1992 or Wanninkhof and McGillis, 1999; herein-
after W92 and WM99). We also use both climato-
logical winds (Hellerman and Rosenstein, 1983) and
winds observed during the cruise. The results are
summarized in Table 2.

In January, the flux ranges from -2.1 to
—4.0mmol/m?/d in the SIZ and from —1.1 to
—1.7mmol/m?/d in the POOZ, depending the winds
and gas transfer formulation. On average, the
summer sink estimated in January 2000 in the
Indian sector is close to previous values reported for
austral summer in the Southern Ocean (Murphy
et al., 1991; Poisson et al., 1994; Metzl et al., 1995).
During winter, south of 59°S (in the SIZ), the
air—sea exchange is probably limited by sea-ice
cover. In August, the POOZ is always a CO, source,
with values ranging from 2.5 to 11.6 mmol/m?/d.

The large oceanic CO, source in the POOZ
calculated for austral winter 2000 is opposite to
previous results suggesting that the CO, sink in the
POOZ is maximal (up to —20 mmol/m?/d) during
the windy season (Louanchi et al., 1999, 2001).
These differences are explained mostly by differ-
ences in the oceanic seasonal fCO, cycle, as
diagnostic and semi-prognostic methods, both
based on the original KERFIX/JGOFS data set
for year 1993, calculated ocean CO, undersatura-
tion during all seasons (fCO, around 305-340 patm;
Louanchi et al., 2001). To understand the opposite
source/sinks seasonal scenario discussed above we
have analysed the original KERFIX data set
(www.obs-vifr.fr/cd_rom_dmtt/kfx_main.htm) and
found that significant corrections for DIC and
TA need to be applied. Indeed, a cross-check
comparison between deep samples (depth>700m,
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Fig. 6. Seasonal depth profiles of potential temperature (top) and DIC (bottom) at two stations in the POOZ in the Southern Ocean: on
left station OISO-11 (56°30'S-63°E), on right station OISO-10 (50°40'S—-68°25'E). Seasonal data were obtained in January 2000 (open

triangles) and August 2000 (filled diamonds).

salinity > 34.55) measured at the KERFIX location
(DIC and TA for year 1993) and during OISO
cruises suggests a correction to the original KER-
FIX data by —35umol/kg for DIC and —49 umol/kg
for TA. Interestingly when these corrections were
taken into account, we calculated lower fCO,
during austral summer (345patm for year 1993)
than during winter (360 patm). Therefore, and after
corrections, the seasonality of the air—sea CO, fluxes
during the KERFIX/JGOFS time series (1993)
appeared to be coherent with our observations
made during summer and winter 2000. It is likely

that during the decade 1990-2000 the POOZ in the
south-western Indian Ocean was a CO, sink during
austral summer and a source during winter.

The high CO, source we calculated for winter is
also controlled by the winds, which were very high
during the OISO-5 winter cruise (13 m/s on aver-
age). These high wind-speed values observed on-
board during a few days were also detected by the
ERS2 satellite sensor, from which we derived an
average wind speed of 11.8 (£0.7)m/s for the same
period and the same region. This indicates that the
oceanic CO, source was probably prolonged for
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Table 2

Air-sea CO, fluxes averaged in the SIZ (58-60°S) and the POOZ (50-56°S) of the Indian sector of the Southern Ocean (based on OISO

cruises, in January and August 2000)

SIZ Jan-2000

POOZ Jan-2000 POOZ Aug-2000

Air-sea CO, flux (mmol/m?/d)

Climatological winds

W92 -3.8
WM99 —4.0
Observed winds

W92 —2.1
WM99 22

-1.1 2.5
-1.5 4.6
—-1.2 4.5
—-1.7 11.6

The air—sea CO, fluxes are calculated using observed oceanic and atmospheric fCO, during the cruises, climatological or observed winds,
and gas transfer formulations from Wanninkhof (1992) or Wanninkhof and McGillis (1999), noted W92 and WM99.

several weeks, may be several months, during winter
2000. This would be true if the oceanic fCO, is
above equilibrium during the same period.

After the results here presented, given the
changing pattern of summer sink and winter source
in the POOZ, the quantification of an annual flux
cannot be achieved with simple interpolation of the
seasonal observations. One needs first to create a
complete annual cycle of oceanic fCO,, from which
the annual flux can be more realistically derived.

4.2. Annual fluxes in the POOZ estimated from a
model

In order to compute an integrated annual air—sea
CO, flux, we simulate a complete annual ocean
fCO, cycle using a 1D biogeochemical model for the
POOZ region (50-56°S/60-68°E). The original
model developed by Louanchi et al. (1996) has been
applied and adapted at different locations, the
Arabian Sea (Goyet et al., 1998), the subtropical
Indian Ocean (Metzl et al., 1998) and the Southern
Ocean (Louanchi et al., 1999; Louanchi and
Hoppema, 2000; Jabaud-Jan et al., 2004). In short,
this model calculates independently five processes
that control the variations of oceanic fCO, in
surface waters: the air—sea exchange, the thermo-
dynamics, the biological activity, the vertical mixing
between surface and subsurface waters, and the
variations of alkalinity. The model is constrained by
monthly 2000 SST (Reynolds and Smith, 1994),
climatological winds (Hellerman and Rosenstein,
1983), mixed-layer depth (MLD) and Chlorophyll a
(Fig. 7). The monthly variations of the MLD are
adapted from both climatology and the seasonal
profiles obtained at stations OISO-10 and 11 in the
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Fig. 7. Annual course of forcing terms used in the 1D
biogeochemical model. Top: chlorophyll concentrations (open
circles) and MLD (black triangles). Bottom: SST (open diamond)
and wind speed (black squares).

POOZ (50°40'S and 56°30'S, Fig. 6). The MLD is
about 50m in summer and 150-200m during
winter. Initial conditions for DIC and nitrates for
surface and subsurface (below the winter mixed
layer) are also based on observations made in
summer and winter (Fig. 6). For chlorophyll, we use
the monthly 2000 level-3 SeaWIFS data (NASA)
averaged over the POOZ region investigated in this
study (50-56°S/60—-68°E). Because satellite observa-
tions are almost non-existent during June—August
because of cloud cover, we create a complete annual
chlorophyll cycle for year 2000 by introducing in
situ observations we obtained in austral winter;
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during this season, the meridional distribution of
sea-surface chlorophyll in the POOZ was homo-
geneous, with concentrations between 0.12 and
0.17mgm— (Fig. 5). In addition to monthly values
of SST, MLD, wind and chlorophyll, we need to
define the atmospheric CO, concentration to run
the model. The seasonal variations of CO, in the air
are very low compared to oceanic fCO, variations in
this region (Fig. 3). We thus fix an annual average
value of 366 ppm for the atmospheric CO, concen-
tration to calculate the air-sea CO, fluxes. In this
study, we are interested in estimating the annual
air—sea CO, flux, which depends on both the annual
oceanic fCO, cycle and wind speed. In a region
where winds are very high (the highest winds over
the world ocean are regularly observed in this
region) the process of gas exchange could control
significant temporal variations for DIC and fCO,.
We will test the sensitivity of this process by
employing two different formulations for the gas
exchange coefficient, the quadratic and the cubic
relations previously described (W92 and WM99).
Compared to the observations, the model simu-
lates well the nitrate and DIC concentrations for
January and August 2000 (simulated concentrations
are listed in Table 1). The model is also able to
reproduce the oceanic fCO, observed during these
months (Fig. 8). In addition, the model creates a
significant decrease of nitrates and DIC during
summer, until March. For nutrients, this is con-

400
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Fig. 8. Annual cycle of sea surface fCO, simulated in the south
Indian POOZ. The results are presented using different gas
transfer formulations: black line, Mod-W92 (Wanninkhof, 1992)
or dashed line, Mod-WM99 (Wanninkhof and McGillis, 1999).
The thin line represents the atmospheric fCO,. Black circles
represent average and standard deviation of fCO, observations
obtained in the region. The climatological monthly fCO, values
(Takahashi et al., 2002) averaged in the same region are also
shown (open triangles).

sistent with earlier observations and biogeochemical
models applied at the JGOFS/KERFIX time-series
station conducted in the same region in 19921994
(Jeandel et al., 1998; Pondaven et al., 1998;
Louanchi et al., 2001). At the end of summer, the
simulated fCO, in March—April is slightly lower but
not dramatically different compared to values
observed in March 1993 (330 patm) or April 1991
(335-345 patm) in the Indian POOZ (Poisson et al.,
1993; Robertson and Watson, 1995). However, the
fCO, minimum simulated during summer is much
lower compared to the climatological products
(Takahashi et al., 2002), whereas in winter our
fCO, observations and simulation are higher (Fig.
8); this indicates that the seasonal amplitude of
fCO, could be much larger than in the climatology,
and the same is true for air-sea CO, fluxes.

The model suggests that primary production is
large enough in the POOZ and over a relatively long
period (December—March, as in Moore and Abbott,
2000) to cause a continuous diminution of DIC and
fCO, until late summer. When biological activity
dominates the vertical mixing and warming in
summer, oceanic fCO, decreases significantly to
values well below atmospheric equilibrium (Fig. 8).
In winter, this is the opposite: all properties (nitrate,
DIC, fCO,) increase when vertical mixing domi-
nates. Although the SST decreases during winter
(Fig. 7), the fCO, increases continuously during
April-August, and its value is above atmospheric
concentration over a relatively long period, from
May to September. This implies significant reduc-
tion of the summer sink when the fluxes are
integrated over the year. Lastly, the model shows
that the choice of gas transfer coefficient formula-
tion does not dramatically change our view of the
annual fCO, cycle we attempt to reproduce. The
largest differences are obtained during March—April
when the ocean CO, sink is strong and affects
shallow waters: during this period, DIC is + 3 pmol/
kg higher and fCO, is + 6 patm higher (Fig. 8) when
WMO99 is used instead of W92.

The annual course of the air-sea CO, flux is
shown in Fig. 9 for both runs (W92 and WM99).
Because the winds are always high in the Indian
POOZ and do not vary dramatically from month to
month, the air-sea CO, flux follows the oceanic
fCO, cycle, slightly modulated by the value of the
gas transfer coefficient. The simulated values for
January (—1.4mm01/m2/d with W92 or —2mmol/
m?/d with WM99) and August (3.5 or 6 mmol/m?/d)
compare well with estimations deduced from the
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Fig. 9. Monthly air-sea CO, fluxes (mmol/m?/d) simulated in the Indian POOZ (50-56°S) for year 2000. Two simulations are presented
with different gas transfer coefficients (W92 = black line or WM99 dashed line). These regional results are compared with the averaged
monthly global fluxes (PgC/month, right axis) estimated for the Southern Ocean (> 50°S) by an AIM( average for years 1990-1997)

applied at global scale by Bousquet et al. (2000).

OISO data and climatological winds (described in
previous section, Table 2). The simulated flux is also
consistent with previous calculations based on
average observations made in austral summer in
the Antarctic sectors of the Indian Ocean (Metzl
et al., 1995) and of the Pacific Ocean (Murphy et al.,
1991). With the model, we also learn that the
summer CO, sink occurs over a 6-month period,
December—May, and the winter source occurs from
June to October. The oceanic CO, sink is at
maximum in March, when oceanic fCO, is low
(<320 patm). At that period the sink could be as
large as —I15mmol/m?/d when the WM99 gas
exchange formulation is used. The oceanic CO,
source is at maximum in August, with maximum
value of 6mmol/m?/d. As expected the oceanic
summer sink and winter source are larger when the
cubic wind-speed formulation for the gas transfer
coefficient is used (WM99 versus W92). However,
the yearly integration of the monthly air-sea fluxes
presented in Fig. 9 leads to almost the same annual
flux of —0.50 mol/m?/yr with the quadratic W92
relation against —0.49 mol/m?/yr with the cubic
WMO99 relation. It is important to notice that if, in
reality, the low oceanic fCO, in late summer is not
as low as in our simulation, the integrated annual
sink would be even smaller than —0.5 mol/m?/yr. As
an extreme case, if the fCO, diminution during
January—March is not as dramatic as suggested by
our model, the Indian POOZ could represent an
annual oceanic CO, source.

4.3. Regional and large-scale air—sea CO, fluxes in
the Southern Ocean

Most of previous data-based air-sea CO, flux
calculations in the Southern Ocean have been
reported for austral summer. Few studies reported
annual fluxes. In the POOZ the value derived from
our model, a sink of about —0.5mol/m?/yr, is much
lower than earlier calculations for the same region
(Louanchi et al., 1999, 2001); for the period
1990-1994, these authors reported a CO, sink that
varies between —0.8 and —5.0mol/m?/yr at the
JGOFS/KERFIX time-series station. This is two to
ten times larger than in our analysis, and we believe
that a strong sink in the Indian POOZ (up to
—5mol/m?/yr) was an unrealistic estimate.

At regional scale, our results could also be
compared with the climatology composed by
Takahashi et al. (2002). Interestingly, the average
climatological value in the region 56°S/60-70°E is a
sink of —0.44 mol/m?/yr, very close to our calcula-
tions. However, if the annual fluxes (the sum of the
monthly values) are converging, it is important to
recall that the seasonality is very different (Fig. 8).
Our actual perception, based on seasonal observa-
tions and simple modelling approach is that the
POOZ in the western Indian antarctic sector
represents a modest annual carbon sink, because
the relatively strong summer sink compensates the
large winter source. Climatologies, global ocean
models or atmospheric inversions should first
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resolve this seasonality before concluding on annual
fluxes.

Atmospheric inverse methods (hereinafter, AIMs)
also estimate a large-scale relatively small carbon
sink in the Southern Ocean. Compared to the
seasonal CO, source/sink balance deduced from our
observations and biogeochemical model, it is inter-
esting to note that results derived from AIMs (e.g.
Bousquet et al., 2000) do suggest that the oceanic
COs, sink is at maximum during austral summer and
reduced during winter (Fig. 9). Such seasonality was
also recently derived with different atmospheric
transport models (TransCom project, Gurney et al.,
2004): on average, the AIMs estimate a maximum
carbon sink in Januray—February in the Southern
Ocean and minimum carbon sink (almost at
equilibrium) in September. Although this compar-
ison is a regional ocean view (regional observations)
versus a global atmospheric view, this is an
encouraging result for both methods, allowing the
extrapolations of our calculations. The annual
fluxes deduced from AIMs vary between —0.2 and
—0.5PgC/yr (Bousquet et al., 2000; Gurney et al.,
2003, 2004; Roy et al., 2003), corresponding to an
average CO, sink of —0.4 and —1.0 mol/m?/yr south
of 50°S. Although these values are not far from our
estimate of —0.5 mol/m?/yr, the comparison has to
be taken with caution because in atmospheric
inversion, the Southern Ocean is represented as a
single big box south of 50°S. At present the regional
puzzle in AIMs does not separate the POOZ and the
SIZ in any of the different Southern Ocean sectors.
The contrasting observations presented in this paper
suggest that regionalization of the large Southern
Ocean should be taken into account in future AIMs
applications.

In order to compare our results with large-scale
estimates one needs to extrapolate the regional
value obtained in the southwestern Indian sector to
the entire Southern Ocean, which is not an easy
task. First, we have learned from past observations
that large variability of oceanic fCO, exist during
summer in all sectors of the Southern Ocean, mostly
due to biological activity (e.g. Ishii et al., 2002;
Metzl et al., 1991, 1995; Robertson and Watson,
1995). Extrapolations based on fCO,/SST relation-
ships have been proposed and work well for the
subtropical and sub-Antarctic zones, but it has been
shown clearly that such a simple diagnostic
approach is not adapted for the Southern Ocean
(Metzl et al., 1995). Second, there are too few
observations during winter to be certain that the

data described in this paper could be extrapolated to
the entire Southern Ocean. Finally, it is worth
mentioning that large inter-annual variabilities of
the annual mean CO, sources and sinks have been
reported in the southern hemisphere. South of 30°S,
a surface that is largely covered by oceans, Conway
et al. (1994) estimated large and relatively rapid
drops of the carbon sink (e.g. —0.50 PgC/yr in 1988
against —1.55PgC/yr in 1989). For the region south
of 50°S, Bousquet et al. (2000) reported that the
ocean carbon sink could vary as much as 0.4 PgC/
yr, and we notice that such an event is not marginal
as variations of about +0.25PgC/yr occurred
at least 6 times during 15 years (1983-1997).
Few repeated data exist to document the inter-
annual variability as was conducted in the equato-
rial Pacific Ocean (Feely et al.,, 2002). Recently
Jabaud-Jan et al. (2004) compared austral summer
data only (January 1998 and 2000) and showed that
the oceanic fCO, variations could be large enough
to change the ocean CO, sink by a factor of two in
the POOZ. In the SIZ they reported a different
scenario as this region was a CO, source in January
1998 and a sink in January 2000. In this context, the
association of different cruises at different periods
may create unrealistic patterns of highs and lows in
pCO,. However, as was done for the tropical
Pacific, where measurements conducted during
ENSO events were filtered (Takahashi et al.,
2002), we have no clear indications for periods that
should be eliminated for constructing pCO, clima-
tology in the Southern Ocean. At present, and
certainly also because the data are sparse, all
available observations are used for high-latitude
climatological maps.

With all these precautions in mind we could
compose only a crude extrapolation for the year
2000 based on our regional results, as explained
below, not for the whole Southern Ocean. Here we
assume that the regional seasonal cycle observed in
the POOZ and SIZ are representative of the entire
surface of these two regions only. The oceanic
surfaces considered in our extrapolation are neither
zonal nor fully circumpolar (e.g. an integration
over the entire 50-60°S band) but are referred to
regions defined by hydrological and biogeochemical
criteria (Moore and Abbott, 2000). Therefore,
circumpolar sectors where the POOZ was not
identified are not included in our extrapolation.
This concerns the southwestern Pacific, the south-
eastern Pacific and the Drake Passage (see Plate 4 in
Moore and Abbott, 2000), where the seasonal pCO,
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distributions should be representative of the sub-
Antarctic and Polar Front zones at Ilatitude
55-63°S. Also, we are not extrapolating our results
to the Weddell and Ross Seas, which represents
different ecological domains (Moore and Abbott,
2000) and where distribution of oceanic pCO, could
be significantly different than what we observed in
the Indian Antarctic sector. We also consider that
the gas exchange at the air—sea interface occurs only
during 4 months in the SIZ. The integration of the
regional CO, flux over the SIZ and POOZ areas are
respectively, 21.2 and 9 million km? (Moore and
Abbott, 2000) and leads to a carbon sink of —0.12
PgC/yr for the SIZ and —0.05 PgC/yr for the POOZ.
Recall that south of 50°S (the northern boundary of
the Southern Ocean in all AIMs approaches) our
calculation excludes the Weddell and Ross Seas as
well as a relatively large area in the southern Pacific.
Assuming each of these regions acts as large or
moderate CO, sink, which is certainly the case for
the southern sub-Antarctic zone in the Pacific and
high latitudes in the Atlantic (Miyake et al., 1974;
Murphy et al.,, 1991; Sabine and Key, 1998;
Takahashi et al., 2002), then the total air-sea flux
of —0.17PgC/yr we estimate in the entire POOZ
and SIZ represents a lower limit for the annual
ocean sink south of 50°S. This is also in the low
range of the values deduced from AIMs approaches,
between —0.2 and —0.5PgC/yr south of 50°S
(Bousquet et al., 2000; Gurney et al., 2003, 2004;
Roy et al., 2003).

5. Concluding remarks

The new observations obtained during austral
summer and winter in year 2000 in the Indian sector
of the Southern Ocean indicate that this region is a
not a permanent CO; sink or source. During austral
summer our observations in the SIZ and the POOZ
show about the same sea-surface fCO, distribution
and air-sea CO, fluxes as observed during other
years and in other Antarctic sectors (e.g. Murphy
et al., 1991; Metzl et al., 1995). Although not as
large as observed in the subtropical and sub-
Antarctic zones, the seasonal variations of oceanic
fCO, are large enough in the POOZ to move from
undersaturation conditions in summer to over-
saturation in winter. In this region, both biogeo-
chemical data (nutrient, DIC, TA) and a simple
modelling analysis show that the CO, source/sink
seasonality is controlled mostly by variations of
primary production and vertical mixing. Enhanced

biological processes dominate the warming during
December—March; strong vertical mixing dominates
the cooling in winter.

Based on reconstructed annual fCO, cycle for the
POOZ, we estimate an annual air-sea CO, flux of
—0.5mol/m?/yr whatever the gas transfer coefficient
used. Compared to the Sub-Antarctic Zone (SAZ,
around 40-50°S), the fCO, and DIC cycles in the
POOZ are about the same (lower concentrations in
summer), but the average fCO, values in the POOZ
are higher by about 30—40 patm than in the SAZ.
Therefore, the annual air—sea CO, flux of —0.5 mol/
m?/yr in the POOZ is small compared to the
—3mol/m?/yr estimated for the SAZ in the Indian
Ocean sector (Metzl et al., 1999).

The carbon sink in the POOZ estimated in this
study is much smaller than previous estimates based
on oceanic observations in the same region,
probably because we observed oversaturated ocean
CO, during the windy austral winter. On the other
hand, our estimate, about —0.2PgC/yr south of
50°S, approaches the Southern Ocean sinks deduced
from AIMs (Bousquet et al., 2000; Gurney et al.,
2002; Roy et al., 2003). In addition and maybe more
interestingly, the seasonal course of the oceanic
sink/source derived from our observations and
modelling confirms the seasonality deduced from
atmospheric data (Bousquet et al., 2000). This is a
very encouraging result in the perspective of under-
standing the interannual variability of the global
carbon budget. Among such analyses, there is an
obvious need for conducting new observations
during austral winter in other regions and to verify
if the POOZ always acts as an ocean CO, source
during winter. If this is true, it could explain why all
atmospheric inverse models (Gurney et al., 2003,
2004; Roy et al., 2003) always estimate a Southern
Ocean CO, sink about half the a priori sink
before inversion based on reconstructed climatology
(Takahashi et al., 2002).

The estimation and understanding of the air-sea
CO, flux variability is part of the research field that
needs to be developed in the high latitudes to reduce
the uncertainties attached to the Southern Ocean
CO, sink. But this is not the only one. Progress is
also needed in our understanding of climate/ocean
coupling, especially in the Southern Ocean, a region
recognized to be very sensitive to climate change
in the context of future anthropogenic forcings
(Sarmiento et al., 1998; Friedlingstein et al., 2003).
The data (including DIC and TA) and seasonal
processes described in this paper could serve to test
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and validate various models from complex 1D eco-
system models to biogeochemical ocean global
circulations models (BOGCM). Such validation
represents an important step if we want to use
BOGCM for predicting, in the past and future, the
coupling between climate change and the ocean
carbon cycle.
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