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[11 The Southern Ocean, where various water masses are formed (mode, intermediate,
deep, and bottom waters), has a high potential to absorb anthropogenic CO, (C*™).
However, most data-based and model estimates indicate low C*™ inventories south of
50°S. In order to investigate this paradox, the distribution of C*" is estimated between
South Africa and Antarctica (World Ocean Circulation Experiment (WOCE) line 16) based
on a back-calculation technique previously used in the North Atlantic (Kdortzinger et al.,
1998) and adapted here for application in the Southern Ocean. At midlatitudes (30°—
50°S), formation and spreading of mode and intermediate waters results in a deep
penetration of C*" (down to 2000 m). South of 50°S, significant concentrations of C*™
were estimated in Circumpolar Deep Water (>10 pmol/kg) and Antarctic Bottom Water
(AABW) (20—-25 pmol/kg). Higher concentrations are detected along the continental slope
in AABW presumably formed in Prydz Bay compared to AABW of Weddell Sea origin.
The distribution of C*" obtained north of 50°S compares well with previous data-
based and model estimates, but large disagreements are found in the south. However,
although transient tracers are not used in the back-calculation technique employed here, the
distribution of C*™ is remarkably well correlated with CFCs. We reevaluated the column
inventories of C*" for the Southern Ocean and found higher values at high latitudes
(70—90 mol/m?) compared to the subtropical/subantarctic region (40—80 mol/m?). These
results support the idea that deep and bottom water formation in the Southern Ocean is a

key process in the natural sequestration of anthropogenic COs,.

Citation: Lo Monaco, C., N. Metzl, A. Poisson, C. Brunet, and B. Schauer (2005), Anthropogenic CO, in the Southern Ocean:
Distribution and inventory at the Indian-Atlantic boundary (World Ocean Circulation Experiment line 16), J. Geophys. Res., 110,

C06010, doi:10.1029/2004JC002643.

1. Introduction

[2] Since the modernization of human activity, anthropo-
genic release of CO, in the atmosphere has increased in an
exponential way to reach the rate of 6-7 Gt C/yr in the
1990s. It was estimated that 3 Gt C/yr remained in the
atmosphere while 3—4 Gt C/yr were absorbed by the ocean
and the continental biosphere [Intergovernmental Panel on
Climate Change, 2001]. Estimating actual CO, budgets and
fluxes between the different reservoirs (both the natural and
anthropogenic component) is of primary importance in
order to predict their evolution and quantify the consequen-
ces of the rising CO, on future climate. Current global
ocean models predict that the total uptake of anthropogenic
CO, (C*™) by the ocean ranged between 1.5 and 2.1 Gt C/yr
during the 1990s [Orr et al., 2001]. One third to one half of
the total ocean uptake was found to occur south of 30°S.
However, large disagreements exist in this region where
different models present dramatic differences in the distri-

Copyright 2005 by the American Geophysical Union.
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bution of C*". Uncertainties attached to global models
are difficult to estimate because data-based methods also
present debatable results south of 50°S. Resolving the
distribution of C*™ in the Southern Ocean is therefore
highly relevant to reduce the large uncertainty in future
atmospheric CO, and hence global warming [Friedlingstein
et al., 2003].

[3] The sinking of various water masses in the Southern
Ocean provides a pathway for C*™ to penetrate into the
ocean interior. In midlatitudes (30°-50°S), deep winter
mixing results in the formation of homogeneous water
masses (mode and intermediate waters). Isolated from the
atmosphere in summer time, these newly formed waters
sink to intermediate depths (500—1500 m) and are taken in
the circumpolar circulation or transported northward in
tropical regions [e.g., McCartney, 1977; Piola and Georgi,
1982]. Data-based methods together with global ocean
models generally agree to simulate a deep penetration of
C* around 40°S associated with the spreading of mode and
intermediate waters [e.g., Gruber, 1998; Sabine et al., 1999;
Orr et al., 2001; Rios et al., 2003]. South of 50°S, most
data-based methods estimate very little storage of anthro-

C06010 1 of 18



C06010

pogenic CO, [Poisson and Chen, 1987; Gruber, 1998;
Sabine et al., 1999; Hoppema et al., 2001]. However, these
findings are in contradiction with significant concentrations
of CFCs observed along the continental slope and in
Antarctic deep and bottom waters [e.g., Mantisi et al.,
1991; Archambeau et al., 1998; Meredith et al., 2001; Orsi
et al., 2002]. CFCs are injected into the deep Southern
Ocean through spreading and mixing of dense waters
formed at several places around Antarctica [e.g., Gordon,
1971; Gill, 1973; Wong et al., 1998; Rintoul and Bullister,
1999; Schodlok et al., 2001]. It is expected that C*™ also
penetrates deeply into the Southern Ocean following the
same pathway as CFCs. This hypothesis is supported by
recent results from McNeil et al. [2001] and Sabine et al.
[2002] showing a significant accumulation of C*™ along the
Antarctic slope near the Adélie Land coast.

[4] This paper presents new estimates of anthropogenic
CO, along 30°E in the Southern Ocean obtained using a
back-calculation technique previously applied to the North
Atlantic Ocean [Kortzinger et al., 1998]. In the initial
method, however, oxygen is assumed to be at full saturation
in surface waters, which is definitely not the case in ice-
covered regions of the Southern Ocean. The method was
therefore modified in order to meet this specific require-
ment. Both the initial and modified version were applied on
data collected during the Circulation et Ventilation dans
I’ Antarctique (CIVA)-2 cruise (WOCE line 16). Estimates
of C*" are compared with CFC-11 measured during the
cruise and revised inventories of C*™ are proposed for this
region. These results are then discussed with regard to C*™
concentrations and inventories obtained along the same line
using a different data-based method.

2. Data Collection

[s] This study is based on observations collected in
1996 onboard the R/V Marion-Dufresne during the
French cruise CIVA-2 conducted along 30°E between
South Africa and Antarctica (WOCE line 16). Among the
96 conductivity-temperature-depth (CTD) stations occupied
from 21 February to 22 March, 58 stations were selected for
the sampling of dissolved inorganic carbon (DIC) and
alkalinity (Figure 1). A Neil Brown CTD equipped with a
Beckman oxygen sensor was used, as well as a 24 bottles
rosette with 12 L Niskin bottles for water sampling. Two
CTD casts were performed at each station: a surface one with
24 bottles from 1350 m up to the surface, and a deep one
from the bottom up to 1350 m. Hydrological and geochem-
ical parameters used in this study were all measured directly
onboard following WOCE protocols [WOCE Operations
Manual, 1991]. Salinity was measured using a Guildline
salinometer in a constant temperature laboratory, oxygen by
an automatic Winkler potentiometric titration system and
nutrients (total nitrate, silicate and phosphate) with two
automatic Technicon analyzers. Total alkalinity (TA) and
DIC were measured simultaneously by a potentiometric
titration system. Certified reference materials (CRMs) with
known TA and DIC concentrations were used as standards
(batch 30, provided by A.G. Dickson, Scripps Institute of
Oceanography). Samples were also collected with 100 mL
Pyrex syringes directly on Niskin bottles to measure CFCs
using a gas chromatograph technique [Mantisi et al., 1991].
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Figure 1. Map showing the location of stations visited

during the Circulation et Ventilation dans 1’Antarctique
(CIVA)-2 cruise in February/March 1996 (World Ocean
Circulation Experiment (WOCE) line 16). Only stations
where dissolved inorganic carbon (DIC) and alkalinity data
were collected are shown.

[6] Sampling protocols and measurement techniques
followed during the cruise led to small errors: the standard
deviation of the 45 deep replicate samples (3000 m) is
+0.3 pmol/kg for oxygen and +1.9 pmol/kg for both
alkalinity and DIC. The standard deviation calculated for
CFC-11 is +0.06 pmol/kg in deep replicate samples with
low concentrations (<0.25 pmol/kg) and +0.18 pmol/kg in
replicate samples having higher CFC-11 concentrations.
Errors associated with temperature and salinity measured
with the CTD probe can be neglected in this study.

3. Hydrological Context

[7] From 33° to 70°S, the CIVA-2 cruise track crosses
several hydrological fronts that separate the region into
three main biogeochemical zones (Figure 1). Surface waters
from the tropical Indian Ocean are transported southward by
the Agulhas Current System, retroflecting south of Africa
and flowing back to the Indian Ocean [e.g., Gordon, 2003].
The Subtropical Front is identified by the southern exten-
sion of the tropical warm and salty waters (42°S). Farther
south, stand the subantarctic and Polar Front zones (42°—
51°S). This frontal region is characterized by strong merid-
ional gradients of all properties. The coldest and freshest
waters are found in the Antarctic zone (51°—70°S), south of
the Polar Front, flowing east in the Antarctic Circumpolar
Current and west along the Antarctic coast in the Peri-
Antarctic Drift. The deep ocean circulation is constrained
by the Indian-Atlantic Ridge (~50°S) that separates the
Agulhas-Natal Basin in the north from the Weddell-Enderby
Basin in the south.

[8] Sections of salinity (S), dissolved inorganic carbon
(DIC) and CFC-11 shown in Figure 2 reveal the main
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Figure 2. Vertical distributions of (a) salinity, (b) DIC (umol/kg), and (¢) CFC-11 (pmol/kg) along 30°E

in the Southern Ocean (WOCE line 16).

features of the ocean circulation at the Indian-Atlantic
boundary. In the subtropical zone, the distribution of all
properties is governed by a deep meandering feature (down
to 2000 m) generated by the Agulhas Return Current. In the

frontal zone, the subduction of Antarctic Intermediate Water
(AAIW) is well identify by the northward deepening of the
salinity minimum down to 1500 m, together with the
deepening of DIC and CFC-11 isolines. At greater depths,
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the salinity maximum (S > 34.8) associated with minimum
concentrations in DIC (<2220 pmol/kg) and CFC-11
(<0.1 pmol/kg) is the signature of old North Atlantic Deep
Water (NADW), which enters the Indian Ocean south of
Africa [e.g., Metzl et al., 1990; Donohue and Toole, 2003;
van Aken et al., 2004]. NADW is concentrated north of the
Polar Front (51°S) around 3000 m depth. South of the Polar
Front, the distribution of all properties is constrained by the
large-scale upwelling circulation (Figure 2). Circumpolar
Deep Water (CDW) is characterized by a maximum in
DIC concentrations (2250—-2270 pmol/kg) attributed to
the influence of old waters from the Indian and Pacific
Oceans [Hoppema et al., 2000]. However, higher concen-
trations of CFC-11 measured in CDW (>0.2 pmol/kg) as
compared to NADW also reveal the mixing with recently
ventilated waters. Significant CFC-11 concentrations
were also observed below 4000 m in the Agulhas-Natal
basins (>0.2 pmol/kg) and Weddell-Enderby basins
(>0.25 pmol/kg), as well as along the Antarctic slope (up
to 1 pmol/kg). These cores of CFC-rich waters identify
Antarctic Bottom Water (AABW) formed at several places
around Antarctica [e.g., Mantisi et al., 1991; Archambeau et
al., 1998; Meredith et al., 2001; Orsi et al., 2002].

[s] According to Rintoul et al. [2001], CDW is a com-
posite of deep waters flowing from the Indian, Atlantic and
Pacific basins that eventually mix with younger waters of
local origin (e.g., Weddell Deep Water, Winter Water, Ice
Shelf Water). This mixing produces recently ventilated
waters (Modified-CDW) whose injection into middepth
layers contributes to the ventilation of the deep Southern
Ocean [Orsi et al., 2002]. The formation process of AABW
also involves Winter Water, Ice Shelf Water and deep waters
of local origin such as Weddell Deep Water [e.g., Gordon,
1971; Gill, 1973; Wong et al., 1998]. Relatively high levels

: CFC-11 (pmolikg)E

40°S

50°S
latitude

(continued)

of CFCs measured in AABW indicate that this water was
formed in the second half of the 20th century when CFCs
were introduced in the atmosphere. In the 1950s, when
CFCs started to increase in the atmosphere, the atmospheric
CO, was already increased by 30 ppm (1/3 of the excess
CO, observed today). As a consequence, one might expect
the clear CFC signal detected along the Antarctic slope to be
associated with a significant accumulation of anthropogenic
COs,.

4. Back-Calculation Technique
4.1. Formulation of Anthropogenic CO,

4.1.1. Principle of the Method

[10] Anthropogenic CO, (C*") is separated from the
“natural” DIC following the back-calculation technique
described in Kortzinger et al. [1998]. This method is
based on the calculation of the initial or preformed DIC
concentration (C°). When a water mass has been formed, it
lost contact with the atmosphere with a preformed DIC
concentration relative to the time of its formation (C%™™).
The amount of C*™ accumulated within this water mass is
the difference between C*™™ and the preindustrial pre-
formed DIC (C*™"). Along their way to the ocean interior,
water masses are supplied with DIC regenerated through
biological processes (organic carbon remineralization and
carbonate dissolution). Preformed DIC at the time of water
mass formation (C™™™) is estimated by removing the
biological contribution (C"°) from DIC concentrations mea-
sured in the water column (C%™™ = C™ — C"°). The
following formulation is obtained for C*™:

Cant _ Cm _ Cbio _ COA,PI. (])
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It is therefore possible to obtain C*™ from DIC measure-
ments if we can estimate C™° and CO_’P g
4.1.2. Biological Contribution (C")

[11] According to Brewer [1978] and Chen and Millero
[1979], the amount of carbon regenerated through organic
carbon remineralization and carbonate dissolution can be
deduced from the change in alkalinity (ATA) and oxygen
(AO,) by using the Redfield ratios, as follows:

CY = 0.5ATA — (rcj0 + 0.5ry/0)AO;. @)

ATA is an increase in alkalinity defined as the difference
between alkalinity measured in the water column and
preformed alkalinity (ATA = TA™ — TA®). Apparent oxygen
utilization (AOU) can be used for AO, in regions where
surface oxygen is close to equilibrium with the atmosphere.
AOU is the difference between oxygen saturation (calcu-
lated after Benson and Krause [1980]) and measured
oxygen (AOU = O3 — 0%). In the Southern Ocean,
however, the use of AOU is not a reliable concept since
significant oxygen deficiencies were observed in surface
waters in regions where ice coverage limits the air-sea
exchange of oxygen [lfo et al., 2004]. Instead, we prefer to
use the true oxygen utilization (TOU) defined as the
difference between preformed and measured oxygen (TOU =
09 — 0%). In our study we used the ratios rc,o = 117/-170
and ryo = 16/-170 given by Anderson and Sarmiento
[1994], which are the most commonly used for estimating
C%° [e.g., Gruber et al., 1996; Sabine et al., 1999; Rios et
al., 2003]. The coefficient assigned to TOU calculated from
these ratios is 0.73, giving the following formulation:

C" = 0.5(TA™ — TA®) +0.73(09 — O%). (3)

Parameterizations used for preformed alkalinity (TA®) and
preformed oxygen (OY) are given in section 4.2.
4.1.3. Preindustrial Preformed Dissolved Inorganic
Carbon (DIC) (C*™

[12] One way to estimate the preindustrial preformed DIC
(C*™) is to use a water mass formed before the industrial era
as a reference. The preformed DIC calculated within this
particular water mass ([C*™]rgr = [C"Trer — [CT°Trer) is
an estimation of C*" in the formation region of the reference
water. In order to estimate C*™' in any region we must
include a term accounting for regional differences (AC):

CO,PI _ [Cm]REF _ [Cbio}REF + ACO. (4)

AC” is the difference between C° in any region and C° in
the formation region of the reference water. We assume that
this difference has remained constant since the preindustrial
era and calculate AC® using the preformed DIC concentra-
tions currently observed (AC? = €% — [C%®]5rr). The
following formulation is obtained for C*"":

[Co’Obs] repe (3)

Combining equations (1) and (5) gives the following
formulation for C*™:

CO,PI — [Cm]REF_ [Cbio] REF + C0,0bS _

cxt — cm _ Cbio o CO,obs o ([Cm]REFi [Cbio] REF— [CO,obs] REF).

(6)
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C" is the DIC measured in the water column, C*° is the
regenerated DIC calculated from equation (3) and C%°™ is
the contemporary preformed DIC estimated using param-
eterizations given in section 4.2.1. The other three terms
constitute the reference (ACO’REFg; [C"rer is the DIC
measured in the reference water, [C”'°]rgr is the regenerated
DIC calculated in the reference water and [C*°*|ggr is the
preformed DIC currently observed in the formation region
of the reference water. Calculation of the reference is
detailed in section 4.2.3.

4.2. Parameterizations
4.2.1. Preformed DIC and Alkalinity

[13] Numerous parameterizations for preformed DIC and
alkalinity are proposed in the literature. At a regional scale,
surface DIC and alkalinity normalized to a constant salinity
can be expressed as a function of the temperature only [e.g.,
Poisson and Chen, 1987; Kortzinger et al., 1998; Millero et
al., 1998]. However, for large coverage data sets a better
prediction is obtained when introducing other tracers such
as salinity or nutrients [e.g., Gruber et al., 1996; Sabine et
al., 1999; Lee et al., 2000; Rios et al., 2003]. In this study,
surface DIC and alkalinity are computed as a function of
temperature (0), salinity (S) and the conservative tracer PO
[Broecker, 1974]. We used data collected after 1990 in the
South Atlantic and south Indian Oceans during WOCE and
Océan Indien Service d’Observation (OISO) cruises
[WOCE Data Products Committee, 2002; Jabaud-Jan et
al., 2004; N. Metzl et al., Summer and winter air-sea CO,
fluxes in the Southern Ocean, submitted to Deep Sea
Research, 2004]. To avoid a potential systematic error in the
predictions due to the seasonality of DIC and alkalinity
[Chen and Pytkowicz, 1979], the data set was restricted to
winter and early spring measurements since most water
masses are formed during this period. The ratio O,/P =
—170 given by Anderson and Sarmiento [1994] is used to
calculate PO (PO = O, — (—170) PO,). Note that when
phosphate data are not available PO is calculated from
nitrate (PO = O, — (—170/16) NO;). The following
regressions were obtained in surface waters (0—50 m) for
temperatures below 21°C (Figure 3):

Coobs = ” =0.99

™)

—0.0439PO + 42.790S — 12.01960 + 739.83,

= 0.96.
(®)

TA® = 0.0685PO + 59.787S — 1.4480 + 217.15,

The standard deviation of the prediction is 6.3 pmol/kg for
%% (n = 428) and +5.5 pmol/kg for TA® (n = 243). In the
mixed layer DIC and alkalinity vary seasonally and
equations (7) and (8) (winter relationships) should not be
used to deduce preformed concentrations for summer. In the
subantarctic zone the mixed layer can reach 500 m during
winter, when mode waters are formed [Metz/ et al., 1999],
but it is less than 200 m at higher latitudes [Kara et al.,
2003]. Consequently, we will disregard all estimates of
%" and TA" (and consequently C*™) calculated above
500 m north of the Subantarctic Front (46°S) and above
200 m in the south.
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Figure 3. Plot of predicted DIC and alkalinity (TA) against
measurements for winter and early spring in surface waters
(0—50 m). Data are from the WOCE and Océan Indien
Service d’Observation (OISO) cruises conducted in the
South Atlantic and Indian Oceans. DIC and TA are predicted
from regressions given in section 4.2.1 (equations (7) and
(8)). The line is predicted = measured.

4.2.2. Preformed Oxygen

[14] In most regions of the world ocean surface oxygen
concentration is close to equilibrium with the atmosphere at
the time of water mass formation, usually in winter. In that
case AOU can be used in the formulation of the biological
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contribution (equation (2)). In ice-covered region, the
surface oxygen content can significantly deviate from
equilibrium with the atmosphere due to the slow down of
air-sea exchanges. In the Southern Ocean, a systematic
oxygen undersaturation is observed in ice-covered surface
waters due to the upwelling of deep waters depleted in
oxygen. Consequently, the use of AOU for water masses
formed in these particular regions (Antarctic deep and
bottom waters) would result in an overestimation of the
regenerated carbon (C°). Note that along the CIVA-2
transect, oxygen utilization ranges from about 50 to
150 pmol/kg, whereas ATA remains relatively low
(<30 pmol/kg), suggesting that most of the regenerated
carbon comes from respiration (Figure 4). The error made
on C"° (and consequently on C*™) when inferred from
AOU could be as large as 40 pmol/kg when oxygen
depletion reaches 50 pmol/kg as reported by Poisson and
Chen [1987] in the winter water of the Weddell Sea.

[15] In this study we performed two different calculations
in order to evaluate the sensitivity of the back-calculation
method to the degree of oxygen saturation in surface waters.
First, we calculated C*™ assuming that surface waters are in
equilibrium with the atmosphere (O3 = O5™). This result
was then compared with the distribution of C*™ obtained
when accounting for oxygen disequilibrium in ice-covered
surface waters. For this purpose we used the following
parameterization for preformed oxygen (O9):

09 = 05 — akO5™, 9)

where £ is the mixing ratio of ice-covered surface waters
determined using a multiple end-member mixing model
(model detailed in Appendix A) and « is the degree of
(b)

concentrations (umol/kg)

0 50 100 150
500 {4 -
ik 33
1000 | ¢ 8.'
le oi
1 @ o]
] o
1500 1 o P
°60 S°§
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E 25001 ° o
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Figure 4. Examples of vertical profiles of C™™° (filled circles), 0.5 ATA (shaded circles), and 0.73 TOU
(open circles) obtained along 30°E (a) in the subantarctic zone and (b) in the Antarctic zone.

6 of 18



C06010

oxygen undersaturation in ice-covered surface waters. In the
first calculation, « is set equal to zero (O3 = O5"). In the
second calculation, we chose the mean value o = 12%
calculated by Anderson et al. [1991] in ice shelf waters of
the Weddell Sea. This number is in good agreement with the
oxygen depletion observed by Poisson and Chen [1987] in
the winter water (about 15%) as well as with observations
collected farther east in Prydz Bay (70°E) by Gibson and
Trull [1999] who reported between 10 and 20% oxygen
undersaturation in surface waters covered with ice.

4.2.3. Reference Water

[16] The reference water, that contains a priori no anthro-
pogenic CO,, has to be an old water formed before the
preindustrial era. In the Southern Hemisphere, the oldest
waters are deep inflows originating from the Northern
Hemisphere. These deep waters, which enter the Southern
Ocean from the three main basins, should not have been in
contact with the atmosphere since the beginning of the
industrial era. We have chosen to take our reference in the
North Atlantic Deep Water (NADW) that enters the Indian
Ocean south of Africa. This choice is consistent with the
distribution of C*™ obtained in the eastern South Atlantic by
Rios et al. [2003] showing C*™ concentrations below the
detection limit in NADW.

[17] Along the CIVA-2 section, CFC-free cores of
NADW were detected around 3000 m in the Agulhas-Natal
Basin (Figure 2c). Calculation of the DIC regenerated
within NADW ([C™°]rgr) is based on the assumption that
North Atlantic surface waters are in equilibrium with the
atmosphere ([O3]rer = [05*]rer). DIC and alkalinity
regressions calculated from southern data (equations (7)
and (8)) should not hold for NADW since it was formed in
the North Atlantic. Instead, preformed DIC and alkalinity in
NADW ([C%°™|ger and [TA]rer) were predicted using
regressions calculated from winter data collected north
of 45°N in the North Atlantic [WOCE Data Products
Committee, 2002]:

[COP] o= 70.3258 — 10.7250 — 270.63,  +* =0.76 (10)

REF

[TA"] o= 36.96148 +2.5270 +996.71, > =0.95. (11)

REF

The standard deviation of the prediction is 9.1 pmol/kg for
%% (n = 206) and 8.1 pmol/kg for TA? (n = 55). NADW
was identified along the CIVA-2 section using the multiple
end-member mixing model described in Appendix A:
equations (10) and (11) were employed where the mixing
ratio of eastern NADW exceed 50%. A

[18] The reference (AC*REF = [C"|ger — [Co°lrer —
[C%°*|rer) is calculated in the cores of NADW detected
along the CIVA-2 section. We obtained a mean value of
—51 + 3 pmol/kg from the 76 samples where the mixing
ratio of NADW exceed 50%. The absolute value of ACOREF
correspond to the amount of C*™ accumulated in water
masses that are currently formed in the North Atlantic.
Kortzinger et al. [1998, 1999] calculated AC**®F in bottom
waters originating from the Southern Hemisphere (AABW)
in order to estimate C*" in the North Atlantic. They
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obtained a mean value of —62.7 pmol/kg for the latitude
range 40°-50°N and —55 pmol/kg north of 50°N. These
numbers can be compared with an estimation of the pre-
formed DIC increase since the preindustrial era (ADIC) as
deduced from the atmospheric pCO; increase (ApCO,) with
the use of the Revelle factor (R):

ApCO,/ADIC = R(280patm/2000umol /kg),  (12)

where 280 patm and 2000 pmol/kg are the preindustrial
values for pCO, and preformed DIC respectively [Kortzinger
et al., 1998]. Taking an atmospheric pCO, level of 360 patm
for the 1990s (ApCO, = 80 patm) and R ranging from 9 to 12,
ADIC range between 47 and 64 pmol/kg. A mean value of
50 pmol/kg is obtained when using the mean Revelle factor
11.4 calculated from observations collected in the North
Atlantic Ocean [Takahashi et al., 1993]. These numbers
compare well with the absolute value of AC® **F calculated
for both NADW in the Southern Hemisphere and AABW in
the North Atlantic.

4.3. Error Assessment

[19] All data-based methods currently used to estimate
the storage of anthropogenic CO, in the ocean are based on
a strong hypothesis about long-term ocean variability. Here
we must assume that ocean dynamics, biological activity, as
well as air-sea interactions do not change significantly on
decadal to centennial timescales. Regional observations on
multidecadal timescales have given some evidences that the
ocean did not operate at a steady state, e.g., changes in
salinity, temperature or oxygen [Wong et al., 1999; Levitus
et al., 2000; Andreev and Watanabe, 2002; Gille, 2002;
Matear et al., 2000]. However, large uncertainties are still
associated with the long-term variability of ocean processes
and the error we make on C*™ estimates when assuming the
steady state may not be significant if only small changes
have occurred in the last centuries.

4.3.1. Systematic Errors

[20] The back-calculation technique described above is
built on simplified biogeochemical concepts that can lead to
potentially large errors on C*™ estimates. The error made on
C"° (and consequently on C*™) when inferred from AOU
could be large in Antarctic deep and bottom waters and it is
therefore crucial to account for surface oxygen disequilib-
rium when resolving the distribution of C*™ in the Southern
Ocean (see section 4.2.2.). A second source of systematic
error in the formulation of C° (equation (2)) lies in the
choice of the Redfield ratios. Several revised ratios are
proposed in the literature [e.g., Takahashi et al., 1985;
Anderson and Sarmiento, 1994; Kortzinger, 2001]. The
coefficient associated with oxygen utilization ranges from
0.73 to 0.86 when calculated from these different ratios. In
this study we used the lower limit (0.73) calculated from the
ratios given by Anderson and Sarmiento [1994]. However,
using the upper limit (0.86) results in a maximum difference
on C*™ estimates of 10 pumol/kg at intermediate depths
(1500—2000 m) and less than 5 pmol/kg in deep and bottom
waters [see also Sabine and Feely, 2001, Figure 6].

4.3.2. Random Errors

[21] The method is also subjected to random errors from

measurements: DIC (1.9 pmol/kg), TA (£1.9 pmol/kg) and
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0, (£0.3 pmol/kg) and from estimations of C*°**, TA?, 05"
and AC” RFF. Errors associated with C%** and TA® are the
standard deviations of the regressions in equations (7) and
(8). The error assigned to 03" (4.6 pmol/kg) was estimated
by comparing O3 estimates with oxygen measurements in
the surface layer. Note that we excluded all samples
collected south of 60°S (oxygen undersaturation « >
10%) because the issue of highly undersaturated waters is
regarded as a potential systematic error. The standard
deviation of AC*REF (£3 umol/k%) is used to estimate the
random error. Note that AC*RFF is also subjected to a
potential systematic error due to the choice of the reference
water (here NADW), but it cannot be estimated. The C/O,
and N/O, ratios also are entitled to both random and
systematic errors. Here we consider the random errors of
+0.092 and +0.0081 obtained by propagating uncertainties
given by Anderson and Sarmiento [1994].

[22] The overall random error associated with the calcu-
lation of C*™ was estimated following the method used by
Gruber et al. [1996]. We calculated a statistical overall error
on C*™ estimates ranging from 10 pmol/kg (in waters where
oxygen utilization is low) to 17 pmol/kg (in waters where
oxygen utilization is maximum). However, this range rep-
resents an upper limit. Using a model of random error
propagation we estimated the mean uncertainty on C*™
estimates to range from 3 to 6 pmol/kg, depending on
oxygen utilization. Because most anthropogenic CO, will
be found in young waters where oxygen utilization is
relatively low, it is reasonable to consider a mean uncer-
tainty of 5 pmol/kg attached to random errors.

5. Results
5.1. Distribution of Anthropogenic CO,

[23] Two calculations are performed in order to highlight
the uncertainty associated with estimates of oxygen utili-
zation. In the first calculation, surface waters are assumed
to be in equilibrium with the atmosphere (o = 0 in
equation (9)). The distribution of C*™ obtained along
30°E is presented in Figure 5a. Strong vertical gradients
of C*™ are observed in subsurface and intermediate waters
where concentrations range from 10 to 60 pmol/kg. North
of the Subtropical Front (42°S) the distribution of C*™
follows the eddy and meandering structures generated by
the Agulhas Return Current down to 2000 m. The deepest
penetration of C*™ occurs around 35°—40°S and is asso-
ciated with the spreading of intermediate and mode waters.
South of the Polar Front (51°S), the penetration of C*"' is
shallow likely because of a strong stratification of the
water column due to the presence of the winter layer and
the upwelling of old deep waters. Minimum concentrations
of C*™ are found in deep waters, with values below the
detection limit in NADW and between 5 and 10 pmol/kg
in CDW. In AABW, concentrations of C*™ are higher than
in the overlying deep waters. North of the Indian-Atlantic
Ridge, C*™ concentrations in bottom waters are low (5—
6 pmol/kg). South of the ridge, two cores with high C*™
concentrations are detected in agreement with CFC data.
One core localized between 55°S and 60°S (8—10 pmol/kg)
would originate from the Weddell Sea, while the other
one, detected around 3000 m along the continental slope
(10—12 pmol/kg), would correspond to AABW formed east
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of the section, probably in Prydz Bay [Schodlok et al.,
2001].

[24] As discussed before, deep and bottom layers of the
Southern Ocean are ventilated through the spreading of
dense waters formed at several places around Antarctica, in
region where surface oxygen concentrations are well below
the saturation level due to ice coverage. When assuming
oxygen equilibrium in surface waters we overestimate the
oxygen utilization in CDW and AABW, and consequently
underestimate C*™ concentrations. In the second calcula-
tion, we assume a mean oxygen undersaturation o = 12% in
surface waters covered with ice (equation (9)). The new
estimates of C*™ are presented in Figure 5b. North of 50°S
estimates of C*™ are similar, except in AABW (below
4000 m) where C*™ concentrations are higher in the second
calculation. The correction decreases C”° (by decreasing
oxygen utilization) in water masses ventilated from the
south, leading to higher C*™ concentrations: in CDW and
AABW, corrected estimates of C*™ are two to three times
higher than in the initial calculation.

5.2. Comparison With CFCs

[25] Although transient tracers are not used in the back-
calculation method described above, a good agreement is
obtained between the distribution of CFC-11 (Figure 2c)
and the distribution of C*" (Figure 5). In the subtropical/
subantarctic region, a deep penetration of CFC-11 and C*™
occurs down to 2000 m, whereas south of 50°S the strong
stratification of the water column limits the tracers penetra-
tion. High C* concentrations estimated in CDW and
AABW are supported by significant CFC-11 concentrations
(>0.2 pmol/kg) which undoubtedly reveal the mixing with
recently ventilated waters. Particularly high concentrations
of CFC-11 were measured in AABW flowing along the
Antarctic slope (>1 pmol/kg), where estimates of C*™ are
up to 25 pmol/kg (Figure 5b). However, in the core of
AABW originating from the Weddell Sea, slightly lower
values of C*™ (22—23 pmol/kg) are associated with much
lower CFC-11 concentrations (0.25—-0.3 pmol/kg).

[26] We investigate further the similarities and differences
observed between CFC-11 data and C*™ estimates by focus-
ing on Antarctic Intermediate Water (AAIW) and AABW
(Figure 6). These two water masses formed in the Southern
Ocean are young enough to carry a significant amount of
both tracers. In the salinity minimum layer which character-
izes AAIW, two different relationships are found (Figure 6a).
In the frontal region, the C*™/CFC-11 relationship is very
close to that reported by Rios et al. [2003] using data
collected in the eastern South Atlantic (WOCE line Al4,
1995). In the Agulhas Current region, the slope of the
regression line is higher, which probably reflects both an
increased uptake of C*™ with higher surface temperature
(Revelle factor) and mixing with surrounding waters. Two
different trends in the C*™/CFC-11 relationship are also
found in AABW (Figure 6b). The slope of the regression
line is lower when approaching the Antarctic slope, in
AABW originating mainly from the eastern side of the
section (e.g., Prydz Bay). By comparing the atmospheric
histories of CFC-11 and CO, we expect that the theoretical
C*™/CFC-11 relationship showed a decrease in the slope of
the regression line from the middle of the 20th century to the
1980s. This suggests that AABW detected along the Ant-
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Figure 5. Distribution of anthropogenic CO, (C*™ in pmol/kg) estimated along 30°E in the Southern
Ocean (WOCE line 16, 1996). C*"™ estimates are obtained using the back-calculation technique described
by Kortzinger et al. [1998]. In Figure 5a we assume that surface oxygen is in equilibrium with the
atmosphere (o = 0). Corrected estimates of C*™ in Figure 5b are obtained by accounting for oxygen
undersaturation in surface waters covered with ice (o = 12%).
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Figure 6. Relationships obtained between measured CFC-11 and C*™ estimates along 30°E (WOCE
line 16, 1996). (a) Data from the salinity minimum layer, which characterizes Antarctic Intermediate
Water (AAIW) (S < 34.5). Relationships observed in the Agulhas Current region (open circles) and in the
frontal region (shaded circles) are compared with the relationship obtained by Rios et al. [2003] in the
eastern South Atlantic (thin line). (b) data from Antarctic Bottom Water (AABW) detected below 4000 m
in the Agulhas-Natal and Weddell-Enderby basins (oy > 27.86) and along the Antarctic slope (deep CFC-
11 >0.8 pmol/kg). Shaded circles show the relationships obtained when assuming surface oxygen
equilibrium (o = 0). Filled circles show the relationships obtained when accounting for 12% oxygen

undersaturation in ice-covered surface waters.

arctic slope could be younger than AABW of Weddell Sea
origin found north of 65°S. In Figure 6b, we also compared
the C*"/CFC-11 relationships obtained with the two differ-
ent calculations. It is interesting to note that relationships are
rather poor when assuming oxygen equilibrium in surface
waters. A much better correlation is obtained between the
two tracers when accounting for oxygen disequilibrium in

ice-covered surface waters and we believe that C*™ estimates
are more robust in that latter calculation.

5.3. Anthropogenic CO, Inventories

[27] Corrected estimates of C*™ presented in Figure 5b
were used to evaluate C*™ inventories along 30°E in the
Southern Ocean (Figure 7). Inventories were calculated at
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Figure 7. Inventories of C*" obtained along 30°E when accounting for oxygen undersaturation in ice-
covered surface waters (WOCE line 16, 1996). The water column is partitioned into three layers: a top
layer, including surface, mode, and intermediate waters (oy < 27.7), a deep layer down to about 4000 m
(09 =27.7-27.86), and a bottom layer (oy > 27.86), also including the high-CFC waters detected along

the Antarctic slope (deep CFC-11 > 0.8 pmol/kg).

each station by integrating C*™ concentrations from the
surface down to the bottom (column inventories). In the
surface layer, where the back-calculation technique is not
reliable, we assumed constant C*™ concentrations and the
value calculated at the bottom of the mixed layer (500 m
north of 46°S and 200 m in the south) was extended up to
the surface, which introduced a potential bias in surface
estimates of C*™. However, C*™ concentrations should be
rather homogeneous in the mixed layer at least during
winter and the mean error should not exceed 10 pmol/kg.
Integrating this error over 200—500 m results in a relatively
small uncertainty on C*™ inventories: about 5 mol/m? north
of 46°S and 2 mol/m? in the south, which represents less
than 10% of the column inventories calculated in these
regions.

[28] In order to evaluate the relative contribution of top,
deep and bottom waters to the column inventory the water
column is partitioned into three layers (Figure 7). North of
50°S, the storage of C*™ essentially occurs in mode and
intermediate waters (og < 27.7). In the Agulhas Current
region, column inventories range from 60 to 80 mol/m?.
The maximum value of 80 mol/m? is found where the 27.7
isopycnal deepens down to 2000 m. In the frontal region,
inventories of C*™ decrease down to 30—50 mol/m?, except
between 42° and 46°S where a significant storage of C*™
also occurs in bottom waters (about 1/5 of the column
inventory). South of the Polar Front (51°S), the water
volume in the top layer is considerably reduced in the favor
of upwelled deep waters. The contribution of the top layer
to the column inventories almost drops to zero south of
51°S while the storage of C*" in the deep layer rapidly
increases up to 50 mol/m’. This sudden raise in the
contribution of deep waters results from both a larger water
volume and the influence of recently ventilated waters with
high concentrations of C*™. Note the good agreement
between the increase in C*™ inventories occurring between
52°S and 54°S and the 0.2 pmol/kg isoline in the

distribution of CFC-11 near 53°S (Figure 2¢). The storage
of C*™ in bottom waters also increases rapidly between
52°S and 54°S to reach the mean value of 30 mol/m? in the
latitude range 55°—65°S. At these latitudes, the storage of
C*™ in bottom waters is lower than in the overlying deep
waters (about one third of the column inventory against
more than half in the deep layer). In contrast, when
approaching the Antarctic continent, the storage of C*™
decreases down to about 30 mol/m? in the deep layer
(due to the lower water volume) while it increases up to
40—45 mol/m® in the bottom layer (due to high C*™
concentrations along the slope). As a consequence, the
column inventory of C*™ remains high and relatively
constant throughout all the Antarctic zone (70—90 mol/m?).

[29] Inventories of C*™ were also calculated using the
initial distribution of C*" obtained when assuming oxygen
equilibrium (o = 0) and compared with inventories de-
scribed above (o = 12%) in Table 1. Correction of oxygen
utilization only has an impact on water masses ventilated
from the south (k > 0 in equation (9)). Consequently,
inventories of C*™ are similar north of 50°S, except between
42 and 46°S where no significant storage of C*™ was found
in the bottom layer when assuming oxygen equilibrium.
South of 50°S, the correction has a dramatic impact on C*"*
inventories: when assuming a mean oxygen undersaturation
of 12% in surface waters covered with ice C*™ inventories
increase by a factor of 1.5 to 2 in the deep layer and by a
factor of 2 to 3 in the bottom layer. This results in a
doubling of the mean column inventory south of 50°S.

[30] Gruber et al. [1996] estimated the error on the total
inventory to be about 20%, based on a signal-to-noise ratio
of 10/50 for C*™ estimates. In this study, we estimated
the error associated with C*™ concentrations to be about
5 pmol/kg and maximum concentrations up to 50 pmol/kg
in subsurface waters, giving a signal-to-noise ratio of 10%
for C*™ estimates. This translates into a maximum error of
9 mol/m* on C*™ inventories calculated in this region. When
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Table 1. Mean Inventories of C*™ Estimated Along 30°E in the
Southern Ocean (WOCE line 16, 1996) Using Two Different
Methods (C° and AC* Methods)®

C° Method AC* Method
a=0 a=12% a=0 a=12%
Agulhas Current Region (34°—40°S)
Top layer 64 64 42 42
Deep layer <5 <5 <5 <5
Bottom layer <5 <5 <5 <5
Total 68 70 44 46
Subantarctic Zone (42°—46°S)
Top layer 38 38 20 20
Deep layer <5 <5 <5 <5
Bottom layer <5 11 <5 7
Total 43 52 22 29
Polar Front Zone (47°—-51°S)
Top layer 27 28 11 12
Deep layer <5 8 <5 5
Bottom layer <5 <5 <5 <5
Total 29 38 12 18
Weddell-Enderby Basin (55°—64°S)
Top layer <5 <5 <5 <5
Deep layer 27 49 17 39
Bottom layer 10 28 6 23
Total 40 80 25 65
Antarctic Slope (South of 65°S)
Top layer <5 <5 <5 <5
Deep layer 16 29 11 24
Bottom layer 18 40 12 33
Total 35 70 24 58

3¢ inventories are in mol/m>. Two calculations are performed for each
method. In the first calculation we assume that surface oxygen is in
equilibrium with the atmosphere (o = 0). In the second calculation a mean
oxygen undersaturation o = 12% was assumed in surface waters covered
with ice. The water column is separated into three layers (top, deep, and
bottom) using criteria given in Figure 7.

the uncertainty attached to C*™ inventories calculated in the
surface layer is added (2—5 mol/m?), we obtain maximum
errors <13 mol/m? north of 46°S and <11 mol/m* in the
frontal and Antarctic regions.

6. Discussion

[31] North of the Polar Front, the most prominent feature
is the deepening of C*™ isolines around 40°S which was
also identified in the Atlantic, Indian and Pacific sectors
from both data-based methods and models [e.g., Gruber,
1998; Sabine et al., 1999; Orr et al., 2001; Sabine et al.,
2002]. The persistency of this structure with time, as well as
its large spreading around Antarctica suggest that the
process of intermediate and mode waters formation occur-
ring in the frontal zone would play an important role in the
pumping and transport of anthropogenic CO,: C*™ enters
the Southern Ocean in the frontal region and is transported
northward along isopycnal surfaces. Such dynamics explain
the shift observed between maximum uptake of C*™ at high
latitudes [Takahashi et al., 2002] and maximum storage of
C*™ in midlatitude regions where intermediate and mode
waters converge [e.g., Caldeira and Duffy, 2000; Orr et al.,
2001; Wallace, 2001a].

[32] In the Antarctic zone, estimates of C*™ obtained in
this study indicate that the entire water column has already
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been invaded, suggesting that processes of dense water
formation occurring around Antarctica are a major pathway
for C*™ to penetrate deeply into the ocean interior. However,
although this result is consistent with CFC-11 data collected
around Antarctica (Figure 2¢) [e.g., Orsi et al., 2002],
contradictory results were obtained in previous data-based
studies [e.g., Poisson and Chen, 1987; Sabine et al., 1999].
Poisson and Chen [1987] reported low estimates of C*™ in
bottom waters flowing out of the Weddell Sea (6 pmol/kg in
1981), whereas we obtained about 10 pmol/kg in AABW
originating from the Weddell Sea. These two results were
obtained using the same biogeochemical concepts, but a
major difference lies in the choice of the reference: in the
calculation made by Poisson and Chen [1987] it is assumed
that deep waters of the Weddell Sea are free from anthro-
pogenic CO,, which is in contradiction with the distribution
of CFCs observed during the 1980s in this region [Meredith
et al., 2001]. This choice probably led the authors to
underestimate C*" concentrations in Weddell Sea Bottom
Water. Sabine et al. [1999] used the AC* method developed
by Gruber et al. [1996] to estimate C*™ concentrations in
the Indian Ocean, including the southwestern region inves-
tigated here. The distribution of C*™ obtained with this
method also exhibits a maximum storage between 30° and
40°S, but the magnitude of their estimates is systematically
lower than ours. In deep and bottom waters, the AC*
method did not permit to estimate a significant increase in
C*™ concentration, leading the authors to conclude that C*™
concentrations should not exceed 10 pmol/kg in the deep
Southern Ocean. Wanninkhof et al. [1999] undertook a
comparative study of different data-based methods in the
North Atlantic Ocean by comparing C*™ estimates with
CFC data. Their results show that the AC* method also
failed in reproducing the deep penetration of C*" in the
North Atlantic, leading to the conclusion that this method
may underestimate the penetration of C*™ in high latitude
regions where dense water masses are formed. Using the
initial back-calculation method (thereafter C° method),
Kortzinger et al. [1998] estimated significant concentrations
of C*™ down to the bottom in the North Atlantic Ocean, in
accordance with CFC data. It then appears that the C°
method may be more adapted to high latitudes regions as
compared to the AC* method.

[33] In order to compare the two approaches along the
same line, we applied the AC* method to the CIVA-2 data
set using the same parameterizations as by Sabine et al.
[1999]. As for the C° method, two calculations were
performed using either AOU or TOU to predict oxygen
utilization. The difference in C*™ estimates obtained with
the C° and AC* methods is shown in Figure 8 (note that
these differences remain the same whether AOU is cor-
rected or not). Concentrations of C*™ obtained with the AC*
method are lower everywhere along the section. The max-
imum difference (20 pmol/kg) is found around 1500 m, just
below the salinity minimum layer. A better agreement is
obtained in the core of the salinity minimum layer (AAIW)
where estimates of C*™ are less than 10 pmol/kg lower
with the AC* method. In deep waters, the two methods
lead to very similar results. Surprisingly, the difference in
C*™ estimated in AABW is also small (between 4 and
6 pmol/kg). This implies that Sabine et al. [1999] would
have detected a significant accumulation of C*™ in AABW
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Figure 8. Differences of C*™ (umol/kg) estimated using the C° method and the AC* method along 30°E

in the Southern Ocean (WOCE line 16, 1996).

if they had used TOU instead of AOU in the formulation of
regenerated DIC. The mean inventories of C*™ obtained
with the AC* method using either AOU (o= 0) or TOU (o=
12%) are compared in Table 1. As expected from Figure 8,
column inventories are lower with the AC* method than
with the C° method (about 10 mol/m* lower in the south and
20 mol/m? lower in the north). It is also interesting to note
that when using TOU instead of AOU column inventories
of C*™ increase by about 20 mol/m? for both methods.

[34] The AC* method is also based on equation (1) (back-
calculation technique). The biological contribution (equa-
tion (2)) is estimated in the same manner by both methods,
except for the parameterization of preformed alkalinity (see
TA® parameterization by Sabine et al. [1999]). However the
two different parameterizations used for alkalinity lead to
very similar results (differences in TA® < 6 pumol/kg).
Instead, differences in C*™ concentrations are attributed to
the way C%"' is estimated. In the AC* approach, C*™' is
derived from the knowledge of the atmospheric history of
CO, and water mass ages: C*"' is the DIC concentration the
water would have in equilibrium with a preindustrial atmo-
sphere (pCO, = 280 patm) corrected for the fact that CO, in
surface waters is rarely in full equilibrium with the atmo-
sphere. The disequilibrium term (AC**) is determined along
isopycnal surfaces by using transient tracers to obtain
information on the time of water mass formation (water
mass age). In Sabine et al. [1999], water mass ages were
derived from CFC-12. The limitation of using CFCs as an
analog for C*™ has been discussed by numerous authors
[e.g., Wallace et al., 1994; Broecker, 2001; Thomas and
England, 2002; Matear et al., 2003]. Here, the main
problem with the CFCs age method concerns water masses
of intermediate age, i.e., water masses older than 40 years
for which the CFCs age method is not straightforward, but

young enough to carry a substantial amount of CFCs, and
consequently C*" [Sabine et al., 1999]. These waters lie just
below the salinity minimum layer (oy = 27.3-27.5) where
we found the largest difference between the AC* and C°
methods (Figure 8). According to Sabine et al. [1999,
p. 187], in these particular waters “the effect of using the
AC* technique in waters that actually have anthropogenic
CO, would be to overestimate the disequilibrium term and
thus underestimate the anthropogenic CO,.” This implies
that the maximum penetration depth of C*™ obtained with
the AC* method is probably too shallow (about 1500 m in
the Agulhas Current region). This is in good agreement with
results obtained from the C° method (penetration down to
2000 m). The other problem with the disequilibrium term
(ACY) is that it is set to a constant value of —18.6 pmol/kg
along deep isopycnal surfaces (o > 27.8). This mean value
was estimated in waters where CFCs are below the
detection limit, assuming that these waters are also free
from anthropogenic CO, [Sabine et al., 1999]. However,
given that anthropogenic CO, was introduced in the
atmosphere well before CFCs, this hypothesis may have
led to overestimate the mean disequilibrium and, conse-
quently, underestimate C*™ in Antarctic deep and bottom
waters.

[35] Holfort et al. [1998] proposed a modification of the
AC* method, using CCly rather than CFCs in the calculation
of air-sea CO, disequilibrium (see review by Wallace
[2001b]). One of the advantages of using CCl, is that it
was introduced in the atmosphere at the beginning of the
20th century and has therefore penetrated slightly deeper in
the water column than CFCs [Wallace et al., 1994]. C*™
estimates obtained by Holfort et al. [1998] in the South
Atlantic Ocean using CCly are about 5—15 umol/kg higher
than C*™ estimates obtained by Gruber [1998] in the same
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region using CFCs. Comparison of the vertical profile of
C*™ also shows that when using CCl, rather than CFCs, the
penetration of C*™ is about 500 m deeper around 30°S
(down to 2000 m). These results are consistent with our
findings. The AC* method has been further improved in
recent studies [e.g., Pérez et al., 2002; Sabine et al., 2002].
Along the WOCE line SR3 at the Indian-Pacific boundary
(145°E), Sabine et al. [2002] obtained a deep penetration of
C*™ at midlatitudes (1500—2000 m) and significant C*™
concentrations along the Antarctic slope (>10 pmol/kg).
This result is in good agreement with the study published by
MecNeil et al. [2001] who used a multivariate approach
(multiparametric linear regression (MLR) method [Wallace
and Johnson, 1994]) to compare observations collected in
1968 and 1996 at the Indian-Pacific boundary. They found
that C*™ had increased by 13 + 10 pmol/kg along the
Antarctic slope over this 28 year period.

[36] In the Southern Ocean, large disagreements are
found between inventories of C*™ calculated from current
global ocean models. In the framework of the Ocean Carbon
Model Intercomparison Project for example (OCMIP [Orr
et al., 2001]), inventories of C*" calculated in the South
Atlantic Ocean from four different models are higher in
midlatitude than in high latitude regions: model inventories
range from 15 to 50 mol/m?” in the band 30°—50°S and from
10 to 45 mol/m? south of 50°S. Our results, together with
previous data-based studies also show high inventories in
the subtropical/subantarctic band: 20—70 mol/m® at the
Indian-Atlantic boundary (this study), 20—-40 mol/m?
in the Indian sector [Sabine et al., 1999] and up to
50 mol/m? and 65 mol/m” in the Atlantic sector (Gruber
[1998] and Rios et al. [2003], respectively). In the Antarctic
zone (south of 50°S), model results are within the range of
data-based inventories obtained from the initial C° and AC*
methods: from 25 to 40 mol/m? along 30°E (this study),
around 10 mol/m? in the Indian Ocean [Sabine et al., 1999]
and <20 mol/m” in the Atlantic Ocean [Gruber, 1998].
However, when both the C° and AC* methods are corrected
for oxygen undersaturation, C*" inventories became much
higher (from 58 to 80 mol/m?), suggesting that all four
OCMIP models underestimate the storage of C*™ in the
Southern Ocean.

7. Summary and Conclusions

[37] The distribution of anthropogenic CO, (C*") was
estimated along 30°E in the Southern Ocean using the
preformed DIC (C°) method, a back-calculation technique
previously used in the North Atlantic Ocean by Kortzinger
et al. [1998]. A first calculation was performed by assuming
that surface oxygen is in equilibrium with the atmosphere.
In the second calculation, the oxygen utilization was
corrected in order to take into consideration the large
oxygen disequilibrium observed in surface waters covered
with ice. These two results are then compared with C*™
estimated using the AC* method, a back-calculation
technique developed by Gruber et al. [1996]. North of
50°S, both methods agree on a deep penetration of C*™
around 40°S associated with the formation and spreading of
intermediate and mode waters. The distribution of C*™
obtained in this midlatitude region is in good agreement
with C*™ estimates in the south Indian, Atlantic, and Pacific
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Oceans (data-based methods and models). South of 50°S,
significant C*™ concentrations were detected in Antarctic
deep and bottom waters with both the C® and AC* methods
(>5 pmol/kg). This result differs from previous data-based
estimates of C*™ obtained in the Atlantic and Indian Ocean,
but is in good agreement with CFC measurements.

[38] Evidences have been given that deep and bottom
waters of the Southern Ocean are supplied with CFCs (and
consequently C*™) through mixing processes associated
with the formation of dense water masses (Modified-
CDW and AABW). As pointed out by Chen [2001, p. 29],
“the sinking of the dense cold water, undetected by Sabine
et al. [1999], represents a unique process and should not be
overlooked.” We reevaluated inventories of C*™ along 30°E
and found that the contribution of M-CDW and AABW
significantly raises the column inventories south of 50°S,
with high-latitude waters storing as many C*™ as midlati-
tude waters. When oxygen disequilibrium in ice-covered
surface waters is taken into consideration, column invento-
ries double in Antarctic waters and the storage of C*™
becomes higher at high latitudes than at midlatitudes. This
finding is opposed to what is usually obtained by ocean
models. As a consequence, if the feature we obtained
along 30°E is representative of other areas in the Southern
Ocean, the global ocean budget of anthropogenic carbon
could be much larger than what is currently estimated
from ocean models. Recent results obtained at the Indian-
Pacific boundary (WOCE line SR3) comfort the idea that a
substantial amount of C*™ is being stored in the deep
Southern Ocean. More studies including models/observa-
tions analysis are needed in order to reduce uncertainties
attached to global inventories of C*™, especially in the
Southern Ocean.

Appendix A

Al. Mixing Model

[39] The multiple end-member mixing model used in this
study is based on the optimum multiparametric (OMP)
analysis first proposed by Tomczak [1981] and further
developed in many studies [e.g., Mackas et al., 1987;
Tomczak and Large, 1989; Coatanoan et al., 1999]. The
OMP analysis is an inversion method that uses fields of
observed properties in a particular region to determine the
relative contribution (mixing ratios) of various source water
masses in this region. For every individual sample the
model solves a system of linear equations (tracer conserva-
tion) by minimizing residuals:

Ayxy + Aoxy + Azxz + ... — Aops = Ry,
Bixi + Byxy + B3xz + ... — Bops = Rg,

Cix1 + Coxp + Cyxs + ... — Cops = Re.

A, B, C... are the ocean tracers used in the model (subscript
numbers represent the source waters and OBS stands for
tracer measurements). The unknowns (x) are the mixing
ratios of source waters 1, 2, 3. .. determined by minimizing
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Table Al. Characteristics of the Six Source Water Types Used in
the Mixing Model®

End-Members Salinity  Theta, °C  O,, pmol/kg PO, pmol/kg
NADW-E 34.86 2.30 235 508
NIDW 34.72 1.70 172 564
Indian Water 34.60 3.50 170 578
WDW/CDW 34.69 0.65 189 597
ISW/WW Weddell  34.60 —2.00 315 638
ISW/WW Prydz 34.60 —2.00 330 670

“The eastern North Atlantic Deep Water (NADW-E) and North Indian
Deep Water (NIDW) are the deep outflow waters defined by Broecker et al.
[1985], and Indian Water is the oxygen minimum/nutrients maximum layer
described by Donohue and Toole [2003]. The southern source waters are
Weddell/Circumpolar Deep Water (WDW/CDW), Ice Shelf Water (ISW),
and Winter Water (WW) originating from either the Weddell Sea
[Lindegren and Josefson, 1998; Hoppema et al., 1995, 1999, 2002] or
Prydz Bay [Middleton and Humphries, 1989; Wong et al., 1998; Frew et
al., 1995; Gibson and Trull, 1999].

the residuals (R) of tracers 4, B, C... Two other constraints
are added, stating that mixing ratios are positive numbers
(x > 0) and that no other source water contributes to the
observed fields of tracers (mass conservation: Yx = 1).

[40] In the present study the mixing model was used
for two purposes: (1) to determine the mixing ratio of ice-
covered surface waters involved in the formation of Ant-
arctic deep and bottom waters (equation (9)) and (2) to
localize the cores of North Atlantic Deep Water (NADW)
where northern relationships are used to predict preformed
DIC and alkalinity (equations (10) and (11)). Six sources
were found to be the most appropriate to elucidate those two
points (Table A1). These sources are shown on the potential
temperature versus salinity and PO plots in Figure Al. The
OMP analysis was performed using the CIVA-2 data
collected along 30°E in the Southern Ocean and source
water masses indicated in Table Al. Results obtained from
the OMP analysis are coherent with what is expected from
the literature (the two results relevant to our study are
shown in Figure A2).

A2. North Atlantic Deep Water

[41] Along 30°E, the North Atlantic component is local-
ized north of 47°S between 2000 and 3500 m (NADW-E >
50%, Figure A2). This result, as well as distributions of the
other source water masses defined in Table Al (results not
shown) are coherent with the deep water mass structure
described by Donohue and Toole [2003] based on a near-
synoptic survey of the southwest Indian Ocean. Along
WOCE line I5W (32°S in the southwest Indian Ocean),
they reported a pronounced salinity maximum lying be-
tween 2200 and 3200 m. This salinity maximum layer is
identified as NADW flowing from the South Atlantic to the
Agulhas-Natal Basin (WOCE line I15SW). NADW signal is
still well pronounced to the north in the Mozambique Basin
(WOCE line 14 along 25°S). Donohue and Toole [2003]
however noted a slight decrease of dissolved oxygen in
NADW flowing to the north which they attribute to the
mixing with the overlying oxygen minimum/nutrients max-
imum layer flowing to the south (Indian Water). In contrast,
NADW signature decreases rapidly to the east in the
Madagascar Basin (east of 45°E) in the favor of higher
oxygen/lower nutrients deep waters flowing from the north
Indian Ocean (NIDW) and from the Southern Ocean
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(CDW). Below NADW, they also noted the presence of
southern waters characterized by high levels of silicate
(AABW).

A3. Ice-Covered Surface Waters

[42] The contribution of ice-covered (oxygen depleted)
surface waters along 30°E determined from the OMP
analysis is about 40—50% in bottom waters south of the
ridge and <40% in bottom waters flowing north of the ridge
and in Antarctic deep waters (Figure A2). Note that we did
not differentiate between the Weddell Sea and Prydz Bay for
the mixing ratio of ISW/WW presented in Figure A2
because the mean oxygen depletion under the ice is about
the same in the two regions. When differentiating between
the two formation regions (results not shown), we found
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Figure Al. Plots of (a) potential temperature versus
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tive tracer PO. Shaded dots are data collected below 500 m
during the CIVA-2 cruise (30°E). Characteristics of source
waters are from Table Al.
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Figure A2. Mixing ratios calculated along 30°E (WOCE line 16). Solid lines show the mixing ratio of
ice-covered surface waters involved in the formation of Antarctic Deep and Bottom Waters (ISW and
WW from the Weddell Sea and Prydz Bay). The dotted line indicates waters where the northern

component dominates (eastern NADW).

that surface waters flowing from the west dominate around
60°S with a mean value of 45% (Weddell ISW/WW in
Table Al), whereas the maximum contribution of surface
waters flowing from the east (Prydz ISW/WW) was found
along the continental slope with a mean value of 35%.
These results are in good agreement with hydrological
studies conducted in the Weddell Sea and in the vicinity
of Prydz Bay based on observations and models [e.g., Gill,
1973; Weiss et al., 1979; Middleton and Humphries, 1989;
Frew et al., 1995; Wong et al., 1998; Schodlok et al., 2001].

[43] Three southern sources are involved in the formation
of Antarctic Bottom Water (AABW) and Modified Circum-
polar Deep Water (M-CDW): Ice Shelf Water (ISW), Winter
Water (WW) and local deep waters (WDW/CDW). Along
30°E, these waters mainly originate from either the Weddell
Sea or Prydz Bay. Weiss et al. [1979] described the
formation of AABW in the Weddell Sea as a two-step
process: first, Weddell Sea Bottom Water (WSBW) is
formed under the following mixing proportions: 41%
ISW, 19% WW and 40% WDW (in agreement with Gill,
1973), next WSBW is further diluted by mixing with the
local deep water (WDW) to form the classically defined
AABW. The final composition of AABW is 26% ISW, 12%
WW and 62% WDW (obtained from about 2/3 WSBW and
1/3 WDW). Middleton and Humphries [1989] showed that
mixing and thermohaline circulation mechanisms operating
in Prydz Bay are similar to those in the Weddell Sea. It is
therefore not surprising that Frew et al. [1995] and Wong et
al. [1998] calculated about the same composition for Prydz
Bay Bottom Water (PPBW) as compared to WSBW (62—
64% surface waters and 36—38% deep waters). However,
WSBW and PBBW may not mix with the sourrounding
deep waters in the same proportion due to the fact that the
deep convection appears to be less effective in Prydz Bay
than in the Weddell Sea, i.e., the mixing ratio of ice-covered
surface waters (ISW and WW) could be lower in Prydz Bay

due to less effective deep convection. Results from the
OMP analysis performed along 30°E confirm this idea.
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