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Anthropogenic CO2 in the Atlantic Ocean 

Nicolas Gruber • 

Climate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland 

Abstract. The anthropogenic CO2 in the Atlantic Ocean is separated from the 
large natural variability of dissolved inorganic carbon using the method developed 
by Gruber et al. [1996]. Surface concentrations of anthropogenic CO2 are found to 
be highest in the tropical to subtropical regions and to decrease toward the high 
latitudes. They are very close to what is expected from thermodynamic considera- 
tions assuming that the surface ocean followed the atmospheric CO2 perturbation. 
Highest specific inventories (inventory per square meter) of anthropogenic CO2 
occur in the subtropical convergence zones. Large differences exist between the 
North and South Atlantic high latitudes: In the North Atlantic, anthropogenic CO2 
has already invaded deeply into the interior; north of 50øN it has even reached the 
bottom. By contrast, waters south of 50øS contain relatively little anthropogenic 
CO2, and hence specific inventories are very low. An anthropogenic CO2 inventory 
of about 22 + 5 Gt C is estimated for the Atlantic north of the equator for 1982, 
and 18 -+- 4 Gt C is estimated for the Atlantic south of the equator for 1989. The 
Princeton ocean biogeochemistry model predicts anthropogenic CO2 inventories of 
20.0 Gt C (North Atlantic, 1982) and 17.7 Gt C (South Atlantic, 1989) for the same 
regions in good agreement with the observed inventories. Important differences 
exist on a more regional scale, associated with known deficiencies of the model. 

1. Introduction 

Oceanic uptake is a key part of the global budget of 
the CO2 released to the atmosphere by human activities 
[Houghton et al., 1996]. The methods for identifying the 
presence and quantifying the amount of anthropogenic 
CO2 taken up by the oceans are manifold (see review by 
Wallace [1995]). Many of these proposed methods are 
based on observations not involving CO2 directly [Keel- 
ing and Shertz, 1992; Quay et al., 1992; Tans et al., 
1993; Helmann and Maier-Reimer, 1996]. While they 
are of prime importance for balancing the global anthro- 
pogenic carbon budget, they permit us to derive only 
global estimates of the uptake of anthropogenic CO2 
by the oceans. Information on regional distributions 
of the uptake is necessary, however, to validate ocean 
general circulation models, which constitute the only 
means by which future uptake of anthropogenic CO2 
can be assessed [Sarmiento et al., 1995a; Sarmiento 
and LeQudrd, 1996; Maier-Reirner et al., 1996]. The 
regional breakdown of the anthropogenic CO2 uptake 
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also represents an important component in inverse at- 
mospheric studies [Enting et al., 1995]. 

One of the few concepts that yields direct anthropo- 
genic C02 uptake estimates with regional information 
is the calculation of excess C02 as first independently 
proposed by Brewer [1978] and then and Millero [1979]. 
This method was applied in various regions of the world 
oceans [Chen and Pytkowicz, 1979; Chen, 1982; Poisson 
and Chen, 1987; Chen, 1993; Chen et al., 1990; Goyet 
and Brewer, 1993; Tsunogai et al., 1993; Chen et al., 
1995]. However, the Brewer and Chen/Millero approach 
is subject to rather large uncertainties and therefore 
has not found general acceptance [Shiller, 1981, 1982; 
Broecker et al., 1985b]. Gruber et al. [1996] recently 
introduced an improved method to separate the an- 
thropogenic CO2 signal from the large natural vari- 
ability of dissolved inorganic carbon in the oceans (see 
Figure 1). This method employs a quasi-conservative 
tracer AC* that reflects the uptake of anthropogenic 
CO2 and the air-sea disequilibrium when a water par- 
cel loses contact with the atmosphere. This method 
was applied to data from the North Atlantic, and results 
were compared with those of two ocean circulation mod- 
els of different complexity. Both the 2.5-dimensional 
ocean circulation model of Stocker et al. [1994] and 
the three-dimensional Princeton ocean biogeochemistry 
model (POBM) [Sarmiento et al., 1995b] predicted an- 
thropogenic CO2 inventories in good agreement with 
the observations. 

165 



166 GRUBER: ANTHROPOGENIC C02 IN THE ATLANTIC OCEAN 

2300.0 

2275.0 

2250.0 

2225.0 

2200.0 

2175.0 

2150.0 

75.0 

50.0 

25.0 

0.0 
-25.0 

ß 

2125.0 ß 
ß 

2100.0 34.0 •4.5 

......... i ......... i ........ • ......... 

a oo = 27.0 - 27.2 

ß ß •.•_ ß 

•e ee•Ae ß 
e• A 

i 

35.0 35.5 36.0 

Salinity [psu] 

125.0 .................... , ......... , ........ 

100.0 b oo = 27.0- 27.2 
AC* 4 

' ..... --' 
-50.0 ' AC*, 
-75.0 ......... • ......... ' ' 

34.0 34.5 35.0 35.5 36.0 

Salinity [psu] 

Figure 1. Illustration of the method to separate the 
anthropogenic 002 from the background variability of 
dissolved inorganic carbon (C) (modified from Gruber 
et al. [1996]). (a) Plot of C versus salinity in the 
interval 27.0-27.2 in the Atlantic Ocean (Antarctic In- 
termediate Water). Diamonds denote samples from the 
South Atlantic Ventilation Experiment (SAVE) cruises, 
triangles denote samples from the Transient Tracer 
in the Oceans (TTO) Tropical Atlantic Study (TAS) 
cruises, circles denote samples from the TTO North 
Atlantic Study (NAS) cruises, leftward pointing trian- 
gles denote samples from the Meteor la/a cruise, and 
squares denote samples from the Meteor 11/5 cruise. 
Remineralization of C in the interior of the ocean causes 

the upward bow. (b) Plot of the quasi-conservative 
tracer &C* versus salinity in the same a0 interval. After 
removal of the strong remineralization signal this tracer 
reflects only the uptake of anthropogenic 002 and the 
air-sea disequilibrium at the time the water parcel left 
the surface. The former causes the upward bow of 
toward the outcrops on the left and right side of the 
plot. The anthropogenic 002 signal can be removed by 
defining a modified tracer &C•, for which information 
about the water age is needed. The amount of anthro- 
pogenic 002 can finally be determined by the difference 
between &C* and 

The purpose of this paper is to extend this previ- 
ous study to the entire Atlantic Ocean by including 
data from the South Atlantic Ventilation Experiment 
(SAVE) and two Meteor cruises (Meteor 11/5 and Me- 
teor 15/3). This extension permits us to address ex- 
plicitly the mixing between different end-members on 

a specific potential density surface, a process that was 
neglected by Gruber et al. [1996]. 

The paper is organized as follows: In section 2 a sum- 
mary of the separation technique for anthropogenic CO2 
is presented including a more detailed description of the 
treatment of end-member mixing. The data employed 
in this study are then briefly described. Afterward, the 
results are presented, discussed, and compared with re- 
suits from the Princeton ocean biogeochemistry model. 

2. Methods 

I follow the technique developed by Gruber et al. 
[1996] to separate the anthropogenic CO2 from the 
large background variability of dissolved inorganic car- 
bon (C) in the oceans. The method is extended to 
treat explicitly the effect of mixing between the dif- 
ferent end-members on a given potential density sur- 
face. The separation technique is based on the assump- 
tions that (1) the natural carbon cycle has been oper- 
ating in steadystate before the onset of the anthropo- 
genic CO2 perturbation, and (2) the carbon-to-oxygen 
and nitrate-to-oxygen stoichiometric ratios (re:o,. and 
r:v.o,.) during photosynthesis, respiration, and reminer- 
alization are constant. This allows us to define a quasi- 
conservative tracer AC*. 

AC* = C - Ceq(S,T, Alk ø) Ifco= - 280 ttatm 
-- rC:O2 (02 clsat -'-'2 ) (1) 

_ _ FI sat •(Alk Alk ø +rN:o,. (O2 ,_,2 )) 5 , 

where •eq is the equilibrium CO2 concentration for a 
preindustrial atmospheric CO2 fugacity of 280 /mtm 
[Neftel et al., 1994], S is the salinity, T is the tem- 
perature, Alk ø is the preformed alkalinity, and 02 and 
O• at are the in situ and saturation concentrations of 
oxygen, respectively. In order to maintain the con- 
servative properties of AC*, a linearized form of •eq 
is used [Gruber et al., 1996]. The preformed alkalin- 
ity Alk ø is estimated from a multiple linear regression 
model using the conservative tracers salinity (S) and 
PO - 02 -ro2:pPO4 [Broecker, 1974] as independent 
variables [Gruber et al., 1996]. The stoichiometric ra- 
tios determined by Anderson and Sarmiento [1994] are 
used throughout this study. These ratios P:N:C'org'O2 
- 1'164-1'1174-14:-1704-10 were found to be approxi- 
mately independent of depth and ocean basin. 

The variability of AC* reflects only the ocean up- 
take of anthropogenic CO2 (ACant) and the CO2 dise- 
quilibrium at the time the water lost contact with the 
atmosphere plus any residual eI%cts due to my choice 
of oxygen and alkalinity end-members and data uncer- 
tainties (/•diseq)- For any particular water parcel this 
total "effective" air-sea disequilibrium represents a mix- 
ture of the air-sea disequilibria of the n different end- 
members A i . •diseq 
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n 

/k •diseq • fi i -- /kC•iseq, (2) 
i--1 

where fi denotes the relative contributions of the dif- 
ferent end-members (y• fi = 1). 

To determine the amount of anthropogenic CO2, the 
additional assumptions are made that the water trans- 
port is predominantly along isopycnal surfaces and that 
the effective disequilibrium has stayed more or less con- 

stant within an outcrop region of a particular isopycnal 
surface interval. If these assumptions are correct, the 
concentration of A•'* on an isopycnal surface should re- 
veal the history of the CO2 uptake. (7tuber et al. [1996] 
showed that this is, indeed, the case in the North At- 
lantic, supporting my a priori assumptions. I determine 

A the total effective disequilibrium (7dise q of the different 
end-members on a total of 32 isopycnal Surface intervals 
in the Atlantic Ocean (see Table 1). The same isopycnal 

Table 1. Mean Values of/k(•dise q on Potential Density Surfaces in the Atlantic Ocean 

NA SA TA 
Potential /k •'diseq, (•, N /k •'diseq, (•, N /k •'diseq, (•, N Method a 
Density •umol kg- • •umol kg- • •umol kg- • •umol kg- • •umol kg- • •umol kg- • 

ao Surfaces 

25.30 -19 5 5 4 7 15 13 1 2 2 
25.60 -17 5 2 -5 5 22 17 2 3 2 
25.90 -13 8 6 -12 6 23 9 4 4 2 
26.20 -24 4 7 -17 2 9 4 4 14 2 
26.50 -22 5 52 -15 5 25 -2 3 79 2 
26.80 -12 3 34 -10 3 209 -5 3 25 2 
27.10 -12 3 53 -13 3 303 -7 3 20 2 
27.30 -14 4 20 -18 3 46 2 
27.40 -17 4 13 -20 4 30 2 

Surfaces 

36.45 -16 5 39 -17 3 34 2 
36.55 -15 5 34 -20 2 26 2 
36.65 -16 6 39 -19 5 15 2 
36.75 -18 5 60 -20 3 9 2 
36.85 -13 8 102 -17 7 47 1/2 
36.95 -10 4 106 -17 5 48 1/2 
37.00 -13 4 92 -14 4 108 1 
37.05 -16 3 94 -16 3 110 1 

Surface3 

45.825 -16 3 51 -16 3 62 1 
45.850 -16 4 49 -16 4 60 1 
45.875 -15 4 68 -16 4 75 1 
45.900 -16 3 39 -16 3 45 1 
45.925 -15 3 28 -15 3 31 1 
45.950 -15 3 15 -15 3 20 1 
45.975 -14 3 27 1 
46.000 -13 3 36 1 
46.025 -12 3 30 1 
46.050 -12 4 37 1 

Surfaces in the Greenland and Norwegian Seas 

27.92 -36 5 8 2 
27.96 -43 6 6 2 
28.00 -41 5 6 2 
28.04 -51 3 9 2 
28.08 -56 2 34 2 

Abbreviations are as follows- NA, North Atlantic end-member; SA, South Atlantic end-member; TA, Tropical Atlantic 
end-member; rr, standard deviation; and N, number of observations. 

aAC* method is indicated as l; AC'• method is indicated as 2. 
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surfaces as those of Gruber et al. [1996] are considered 
but augmented with four (74 surfaces representing the 
Antarctic Bottom Water in the South Atlantic. Obser- 

vations above a depth of 100 m are excluded for the 
analysis, since this approach is limited to waters below 
the euphotic layer, which is on average about 50 to 100 
m deep [Morel, 1988]. Furthermore, all stations located 
poleward of the wintertime outcrops as determined from 
the National Oceanic and Atmospheric Administration 
National Environmental Satellite Data and Information 

Service ocean atlas [Levitus et al., 1994b; Levitus and 
Boyer, 1994] are removed. To obtain a continuous nu- 
merical representation of /kCdiseq aS a function of po- 
tential density, i /kCdise q ((7), a smoothed spline function 
is used. The amount of anthropogenic CO2 in the ocean 
ACant can finally be calculated by 

n 

Cdiseq ((7) . (3) 
i=1 

The effective disequilibrium for the different end- 
i 

members on an isopycnal surface (7, /•Cdise q ((7), is de- 
termined using two different methods. The choice of 
method depends on the ventilation timescale of these 
isopycnal surfaces. 

In the first method the variability of AC* on deep 
ocean density surfaces far away from the outcrop is con- 
sidered, where one can safely assume that there is no 
anthropogenic CO•. AC* in these "uncontaminated" 
regions then reflects just a mixture of the different end- 
member air-sea disequilibria /k•'dise q. In the deep At- 
lantic these end-members originate from the South or 
the North Atlantic high latitudes. The relative con- 
tribution (fi) of these different end-member waters is 
determined using a two-end-member mixing model and 
the conservative tracer PO• [Broecker et al., 1991]. 
This tracer is defined as PO• - PO4 -rp:o2 02 - 1.95. 
I chose rp:o2 = 1/(-170) [Anderson and Sarmiento, 
1994] rather than the Broecker et al. [1991] original 
value of 1/(-175). The PO• end-members for each in- 
vestigated isopycnal interval are shown in Table 2. The 
effective air-sea disequilibrium for each end-member is 
then determined by averaging AC* in the uncontami- 
nated regions north and south of the equator: 

A i __ regi •diseq -- /•C* I•----const ' (4) 

This first method is used for all surfaces denser than (72 

= 36.95 (average depth 2000 m) with the exception of 
the water masses in the Greenland and Norwegian Seas. 

The AC* method fails, however, for sha, iower and 
well-ventilated surfaces. Here anthropogenic CO2 has 
already affected the entire density surface, and there- 
fore no uncontaminated region can be found. For these 
density surfaces the A C; method is employed. This 
method is based on the fact that the equilibrium con- 

centration at the time this water parcel was last in con- 
tact with the atmosphere (Ceq(t)) can be estimated, 
once the age of that water parcel r is known. Replacing 
Ceq in (1) by Ceq(t) yields the modified tracer 

/XC• - C - Ceq(S, T, Alk ø, fCO2(tsample - T)) 
-- /'C:O2 (02 thsat -- '•2 ) 

1 (hlk hlk 0 -}- (02 O• at) • -- rN:O2 -- ) • 
(s) 

where fCO2(tsample - T) denotes the atmospheric CO2 
fugacity at the date when the water parcel was last in 
contact with the atmosphere. This date is calculated 
by subtracting the water age r from the sampling date 
tsample. The corresponding atmospheric CO2 fugacity 
is estimated from a smoothed spline fit through atmo- 
spheric CO2 data obtained from direct measurements 
after 1958 [Keeling and Whorf, 1994] and ice core data 
before 1958 [Neftel et al., 1994]. This substitution re- 
moves the anthropogenic CO2 signal from AC* but does 
not correct for residual effects due to my choice of oxy- 
gen and alkalinity end-members. Gruber et al. [1996] 
argued that these residual effects should be relatively 
small. Hence A C• reflects primarily the mixture of the 
different end-member air-sea disequilibria i /k•dise q. As 
for the deeper density surfaces, the conservative tracer 
PO• is used to determine the contribution of the dif- 
ferent end-members. On these shallow isopycnal sur- 
faces I discriminate between end-members originating 
from the North Atlantic, the Mediterranean, the Trop- 
ical Atlantic, and the South Atlantic. However, for the 
Mediterranean water the same air-sea disequilibria as 
for the North Atlantic end-member are found. I there- 

fore restrict myself to n -- 2; that is, a two-end-member 
mixing model for all regions except the Greenland and 
Norwegian Seas is used. For surfaces less dense than 
(7o = 27.30, mixing between a tropical end-member 
and a northern or southern end-member is assumed, 
depending on whether the station lies north or south 
of the equator. The exact source of the tropical end- 
member is not known, since the surfaces or0 26.30-27.10 
do not outcrop near the equator. The tropical end- 
member probably obtains its values through upwelling 
and/or cross-isopycnal mixing of deeper waters [Kawase 
and Sarmiento, 1985]. For the surfaces denser than 
(7o = 27.30, mixing between the northern and southern 
end-members is assumed. Waters originating from the 
Mediterranean are treated as if they originate from the 
North Atlantic. In the Greenland and Norwegian Seas, 
only one end-member is considered. The chosen PO• 
end-members for all investigated surfaces are listed in 
Table 2. The effective air-sea disequilibria for the dif- 
ferent end-members are then determined by averaging 
the A C• values in the regions where the end-member 
contribution is larger than 80% and the age is not older 
than 30 years thus 
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Table 2. End-Member Values of Conservative Tracer PO• in the Atlantic Ocean 

Potential PO• NA, PO• ME, PO• SA, PO• TA, 
Density ttmol kg- 1 ttmol kg- 1 ttmol kg- 1 ttmol kg- • 

Surfaces 

25.30 -0.75 -0.50 -0.40 
25.60 -0.75 -0.50 -0.20 
25.90 -0.75 -0.40 -0.10 
26.20 -0.70 -0.20 0.00 
26.50 -0.50 -0.05 0.15 
26.80 -0.20 0.50 0.20 
27.10 0.10 1.50 0.80 
27.30 0.50 0.15 1.70 
27.40 0.65 0.05 1.70 

Surfaces 

36.45 0.60 0.00 1.70 
36.55 0.70 0.10 1.65 
36.65 0.70 0.40 1.65 
36.75 0.80 0.40 1.60 
36.85 0.80 0.60 1.50 
36.95 0.76 1.48 
37.00 0.76 1.44 
37.05 0.76 1.42 

0'4 Su•'fa½½3 

45.825 0.76 1.40 
45.850 0.76 1.40 
45.875 0.76 1.50 
45.900 0.76 1.56 
45.925 0.76 1.56 
45.950 0.76 1.56 
45.975 0.76 1.56 
46.000 0.76 1.56 
46.025 0.76 1.56 
46.050 0.76 1.56 

Abbreviations are as follows: NA, North Atlantic end-member; ME, Mediterranean 
end-member; SA, South Atlantic end-member; and TA, Tropical Atlantic end-member. 

Cdise q -- AC• regi rr--const ' (6) 

Two different techniques to estimate the water age r are 
employed, depending on data availability. In the North 
Atlantic, concurrent tritium (3H) and helium 3 (3He) 
measurements are used to calculate the tritium-helium 

3 age (•-T/He) following the method of Jenkins [1987]. 
In the South Atlantic the anthropogenically produced 

chlorofiuorocarhan CC13F (CFC !!) offers an alterna- 
tive tracer dating technique [Doney et al., 1997]. This 
CFC 11 based age (rcrc •) is calculated using an at- 
mospheric mixing ratio Xcrc •1: 

XCFC 11 ---- [C Cla F] s)' (7) 
where [CC13F] is the measured CFC 11 concentration 

and KCFC • (T, S) is the solubility of CFC 11 as a func- 
tion of T and S according to Warner and Weiss [1985]. 
The calculated atmospheric mixing ratio XCFC • is 
then compared with past atmospheric mixing ratios of 
CFC 11 to determine a date of equilibration. For this 
purpose a reconstruction of the atmospheric CFC his- 
tory is employed based on industrial release figures for 
the time before 1979 and on direct atmospheric mea- 
stirernents .t_ r .... /o ,•r_,, _ • , , [nereat[er [D. walker, P. •aiamen, and R.F. 
Weiss, personal communication 1996). 

This method of separating the anthropogenic CO2 
from the large variability of C is based on many assump- 
tions (e.g., constant stoichiometric ratios and movement 
predominantly along isopycnal surfaces). However, the 
feasibility of these assumptions can be tested with the 
observational results. In general, it turns out that these 



170 GRUBER: ANTHROPOGENIC CO2 IN THE ATLANTIC OCEAN 

tests are consistent with my assumptions (see below and 
Gruber et al. [1996]). Nevertheless, there are three 
caveats that need further discussion. The first con- 

cerns the assumption that the air-sea disequilibrium 
has stayed constant over time. Gruber et al. [1996] 
estimated the signal in the air-sea disequilibrium which 
is caused by the anthropogenic transient to be about 
5 /•mol kg -•. Such a trend should, in principle, be 
observed, but it is too small to be detected in the ob- 
servations because of the uncertainties in the separation 
technique which are of the order of 9/•mol kg -• [Gruber 
et al., 1996]. 

The second caveat is related to my assumption of 
transport occurring predominantly along isopycnal sur- 
faces thereby implicitly ignoring the effect of diapycnal 
mixing. In the thermocline of the open ocean, diapyc- 
nal diffusivities have been shown to be very small [e.g., 
Ledwell et al., 1993], and scale analysis suggests that 
the contribution of diapycnal mixing is of minor impor- 
tance. Even in places where diapycnal mixing becomes 
more important, I expect its influence on my estimate 
of anthropogenic CO2 to stay rather small, because the 
linear part of the mixing process has already been taken 
into account. This is because the air-sea disequilibria 
are determined as a function of density and PO•, which 
are either entirely (in the case of PO•) or at least par- 
tially (in the case of density) conserved when mixed 
diapycnally. Additionally, the air-sea disequilibria are 
not varying strongly, so that even when the nonlinear 
effects become important, their effect on the estimated 
AVant should remain relatively small. 

The third caveat concerns the assumption that the 
tritium-helium 3 (•-T/He) and CFC 11 (•-CFC 11) ages are 
equal to the true water ages. Gruber et al. [1996] dis- 
cussed the case of the tritium-helium 3 age rT/He and 
argued that the difference between the true age and 
TT/He is relatively small for most regions of the ocean. 
This is because advection is thought to determine the 
transport in the interior of the ocean, and only if dif- 
fusion is dominant, can a significant deviation between 
the tritium-helium 3 age and the true water age occur 
[Jenkins, 1987; Thiele and $armiento, 1990]. More as- 
sumptions must be made in the case of the CFC 11 age 
rcrc 11: The CFC 11 age is only equal to the true age 
if the water parcel was at equilibrium with the atmo- 
sphere at the time of entrainment and if the water par- 
cel is transported along density surfaces without mixing 
("piston flow"). Doney et al. [1997] investigated the 
differences between the tritium-helium 3 and the CFC 

12 age along a meridional section in the eastern North 
Atlantic. They found a remarkably good agreement for 
water ages up to approximately 15 years with residu- 
als only slightly greater than those expected from sam- 
pling error alone. Disparities between the two tracer 
ages increase sharply for ages approaching the elapsed 

period since the bomb-tritium input in the early 1960s. 
Doney et al. [1997] explained these differences with 
the help of a simple two-dimensional gyre circulation 
model [Musgrave, 1990; Thiele and $armiento, 1990]. 
They showed that these disparities arise in regions of 
steep tracer gradients where the nonlinear effects be- 
come important. Nevertheless, the average difference 
between the true age and both tracer ages was found to 
be smaller than 2 years for waters younger than 15 years 
and up to 8 years for waters with an age of 30 years. An 
average uncertainty of 4 years relates to an uncertainty 
of about 3 ttmol kg -1 in AC•. This additional error 
is relatively small compared to the overall error in the 
determination of anthropogenic CO2 of about 9 ttmol 
kg -1 [Gruber et al., 1996] (see section 3). 

3. Data Considerations 

Nutrient, C, Alk, and O• data from five different 
programs are used. These are the Transient Trac- 
ers in the Ocean North Atlantic Study (TTO NAS) 
program (1981) [Physical and Chemical Oceanographic 
Data Facility, 1986a; Brewer et al., 1986], the Tran- 
sient Tracers in the Ocean Tropical Atlantic Study 
(TTO TAS) program (1982-1983)[Physical and Chemi- 
cal Oceanographic Facility, 1986b; Brewer et al., 1986], 
the South Atlantic Ventilation Experiment (SAVE) pro- 
gram (1987-1989) [Oceanographic Data Facility, 1992a, 
b] (T. Takahashi, personal communication, 1995), the 
Meteor 11/5 cruise (World Ocean Circulation Experi- 
ment (WOCE)legs A12/A21, 1991)[Chipman et al., 
1994], and the Meteor 15/3 cruise (WOCE leg A9, 1991) 
[Johnson et al., 1995]. The station locations of the 
cruises are shown in Figure 2. The revised version of 
the TTO NAS C data is used, recalculated from fCO• 
and Alk by Takahashi and Brewer [1986]. Alk has not 
been measured on Meteor 11/5 and has been measured 
only occasionally on Meteor 15/3. Alk was calculated 
for these cruises from C, pCO• measured at 20øC, T, 
$, phosphate, and silicate, employing a thermodynamic 
model of the inorganic carbon chemistry [Fink, 1996]. 
The dissociation constants in seawater of Goyet and 
Poisson [1989] for carbonic acid, of Dickson [1990] for 
boric acid, of Millero [1995] for water, of Dickson and 
Riley [1979] for phosphoric acid, and of Millero [1995] 
for silicic acid were used. The CO2 solubility was com- 
puted from the formula given by Weiss [1974]. The to- 
tal boron was estimated from a linear relationship with 
salinity given by Uppstrb'm [1974]. 

Where available, the standard hydrographic and car- 
bon data were augmented with transient tracer data. 
Tritium and helium 3 measurements to calculate the 

tritium-helium 3 age are only available for TTO NAS. 
These data were obtained by the Woods Hole Oceano- 
graphic Institution Helium Isotope Laboratory (W.J. 
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Figure 2. Hydrographic station locations of the TTO 
North Atlantic Study (TTO NAS, 1981)(open squares), 
TTO Tropical Atlantic Study (TTO TAS, 1982-1983) 
(triangles), the South Atlantic Ventilation Experiment 
(SAVE, 1987-1989)(diamonds), the Meteor 11/5 cruise 
(1991)(stars), and the Meteor 15/3 cruise (1991)(solid 
squares). 

in the region from 10øS to the equator and from 30øW 
to 20øW has been found (see Figure 3). Other trac- 
ers do not indicate a significant change in water mass 
properties. I concluded that this difference is due to 
systematic measurement errors and therefore increased 
TTO TAS leg 3 alkalinities by 9 pmol kg -1. All correc- 
tions are summarized in Table 3. Possible inaccuracies 

of the Atlantic carbon data were assessed by comparing 
them with the shore-based C and Alk measurements 

obtained by the Carbon Dioxide Research Group at the 
Scripps Institution of Oceanography (C.D. Keeling, per- 
sonal communication, 1994). This comparison showed 
good agreement within the precision of the measure- 
ments [Gruber et al., 1996]. 

The Atlantic data used in this study have been sam- 
pled over a period of 10 years. Temporal variability 
can cause problems in the separation technique because 
the assumption is made that the natural carbon cycle 
is operating in steady state. Decadal to interdecadal 
timescale variability in water mass properties has been 
reported for the northern North Atlantic [e.g., Brewer et 
al., 1983; Swift, 1984; Broecker, 1985], for the subtrop- 
ical North Atlantic [e.g., Levitus et al., 1994a; Parilla 
et al., 1994], and for the Argentine Basin in the South 
Atlantic [Coles et al., 1996]. The influence of this vari- 
ability on the marine carbon cycle is not known. Gru- 
bet et al. [1996] investigated the existence of large-scale 
changes in the water-mass and carbon-system charac- 
teristics by comparing reoccupied and closely revisited 
stations between the TTO NAS, TTO TAS, and SAVE 
cruises. They found no significant changes. This is not 
in contradiction to the reported findings of temporal 

Jenkins, personal communication, 1995). Measurements 
of CC13F (CFC 11) to calculate the CFC 11 age are 
taken from the SAVE [Weiss et al., 1993], Meteor 11/5 
[Chipman et al., 1994] and Meteor 15/3 [Johnson et al., 
1995] cruises. 

When combining data from different cruises, it is nec- 
essary to insure the internal consistency of these data 
sets. Gruber et al. [1996] investigated the consistency 
of the C and Alk data from TTO NAS, TTO TAS, and 
SAVE by determining deep ocean (>3500 m) trends ver- 
sus potential temperature in 10 ø latitude by 10 ø longi- 
tude areas which have been repeatedly sampled. They 
found systematic differences and corrected for them. 
The two Meteor cruises (ME 11/5 and ME 15/3) were 
checked by the same method, but no inconsistencies in 
the C and Alk data were found. However, significant de- 
viations in the phosphate data of Meteor 11/5 exist and 
were corrected [Gruber and $armiento, 1997]. In addi- 
tion, a previously overlooked systematic difference in 
Alk between TTO TAS leg 3 and SAVE of 9 pmol kg -1 
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Figure 3. Alk versus potential temperature in the re- 
gion from 10øS to 0 ø and from 30øW to 20øW and for 
depths below 3500 m in the equatorial Atlantic. Values 
for SAVE are shown by circles and for TTO TAS leg 3 
are shown by diamonds. The lines represent the results 
of linear regressions. A mean difference of 9 ymol kg -1 
is found between the two cruises. 
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Table 3. Summary of Corrections Applied to the C, Alk, and Phosphate Data in 
the Atlantic Ocean 

Cruise Leg Stations Correction a Reference 

TTO TAS 1 1-54 Alkcorr -- Alkmeas q- 9 [Gruber et al., 1996] 
TTO TAS 2 55-94 Ccorr = Cme•s - 13 [Gruber et al., 1996] 
TTO TAS 3 95-132 Alkcorr = Alk•ne•s + 9 this study 
SAVE b I 1-43 C•orr = Cme•s - 15 [Gruber et al., 1996] 
SAVE b 1 1-43 Alk•orr = Alkme•s- 19 [Gruber et al., 1996] 
SAVE b 2 44-105 C•orr = Cmeas - 13 [Gruber et al., 1996] 
SAVE b 2 44-105 Alk•orr = Alkme•s- 12 [Gruber et al., 1996] 
Meteor 11/5 102-179 Pcorr ---- Pmeas -0.5 [Gruber and Sarmiento, 1997] 

-1 
•Unit values given in •umol kg 
bSAVE data have recently been recalculated (T. Takahashi, personal communication, 

1997), and other correction factors might be necessary when a later data set is used. 

variability because the investigated overlapping regions 
were far away from the regions where temporal variabil- 
ity has been reported. I repeated the analysis including 
the stations from Meteor 11/5 and Meteor 15/3 and 
came to the same conclusions. Therefore the possible 
temporal variability is neglected, and the data in the 
two ocean basins are combined as if they were synop- 
tic. The time difference in sampling is, however, taken 
into account in the calculation of inventories (see sec- 
tion 4.4). 

The evaluation of the amount of anthropogenic CO2 
in the oceans also requires estimates of the errors that 
arise from sampling and measurement and from uncer- 
tainties in the stoichiometric ratios and end-members. 

Gruber et al. [1996] discussed in detail the various con- 
tributions to the overall uncertainty of ACant by means 
of Gaussian error propagation. The overall uncertainty 
of At ant was estimated to about 9/•mol kg -1. This er- 
ror has been evaluated assuming a precision of 5/•mol 
kg -• for the determination of C and for Alk. Dur- 
ing the Meteor 11/5 and Meteor 15/3 cruises, modern 
coulometric methods have been used for C with a preci- 
sion of about I/•mol kg -1 [Chipman et al., 1994; John- 
son et al., 1995]. This would lower the error for ACant 
considerably, but I suspect that the error over the en- 
tire basin is still of the order of 9 /•mol kg -•, since 
a good spatial coverage with these high-precision mea- 
surements is presently lacking. 

To prepare plots of A•'an t on isopycnal surfaces, all 
observations within a specified potential density range 
and lying below 100 m are averaged. The randomly dis- 
tributed data are first binned into a 2 ø x 2 ø grid and 
then gridded using the objective mapping technique de- 
scribed by LeTraon [1990]. An autocorrelation function 
of Gaussian form is used, with a 1200-km radius of in- 
fluence in the meridional as well as zonal direction. 

4. Results and Discussion 

4.1. AC* and AC• 

Figure 4 shows A C* as a function of latitude for two 
of the 12 deep isopycnal surfaces where ACdiseq has 
been determined by the A C* method. These surfaces 
are the a2 interval 37.03-37.08, which represents the 
overflow waters of the Denmark Strait and the Iceland- 

Scotland ridge (depth range 3000-3200 m), and the 
interval 45.913-45.938, which is the core of the Antarc- 
tic Bottom Water. AC* increases on both surfaces to- 

ward the outcrops in the North and in the South At- 
lantic. This reflects the addition of anthropogenic CO2. 
In the interior of these surfaces, AC* is remarkably uni- 
form within the uncertainty of A C*. A C* reflects here 
just the effective CO2 air-sea disequilibrium at the time 
when a water parcel lost contact with the atmosphere, 
because one can safely assume that there is no anthro- 
pogenic CO2. This near uniformity of AC* supports 
my assumption that this air-sea disequilibrium stayed 
more or less constant over time. No difference between 

the regions from 20øS to the equator and from the equa- 
tor to 20øN is discernible on either surface. The relative 

proportions of the southern and northern end-members 
in the region south of the equator are approximately 
2:1 and are the inverse in the region north of the equa- 
tor. This makes it difficult to determine the ACdiseq 
value of the pure end-member because any existing dif- 
ference between the end-members would be reduced to 

a third. Nevertheless, in most cases considered, no or 
only a small difference could be identified between the 
two regions. Therefore the uncertainty for the A Cdiseq 
values of the end-members should not be larger than 
the uncertainty given by the scatter of the data. 

Figure 5 shows AC* and AC; versus CFC 11 age for 
four of the 15 density surfaces in the South Atlantic, 
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Figure 4. AC* as a function of latitude along two deep isopycnal surface intervals in the Atlantic 
Ocean: (a) the 0'2 interval 37.03-37.08, which represents the Denmark Strait and Iceland-Scotland 
Overflow Waters, and (b) the o'4 interval 45.913-45.938, which lies within the core of the Antarctic 
Bottom Water. The solid lines depict the average AC* concentration in the regions from 20øS 
to the equator and from the equator to 20øN which have been used to determine A•dise q for 
the southern and northern end-member, respectively. In both cases, no difference has been 
found between these two end-members. The dashed lines are drawn at + 5/•mol kg -1 from the 
estimated A•dise q. The upward trend near the outcrops in the south and the north is due to the 
uptake of anthropogenic CO2. 
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Figure b. AC• (triangles) and AC* (circles) versus CFC 11 age along four isopycnal surface 
intervals in the South Atlantic. These surfaces include (a) the cro interval 26.95-27.25 representing 
the Subpolar Mode Water, (b) the cro interval 27.25-27.35 which lies within the upper Antarc- 
tic Intermediate Water, (c) the cro interval 27.35-27.45 representing the Antarctic Intermediate 
Water, and (d) the or2 interval 36.50-36.60. The lines for AC* are drawn to emphasize the trend 
and have been obtained by linear regression. The lines for AC[ represent the average. 
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where the AC• method has been used to determine the 
air-sea disequilibrium of CO2. The reader is referred 
to Gruber et al. [1996] for a discussion of the distri- 
bution of AC; in the North Atlantic. The surfaces 
shown are the a0 interval 26.95-27.25 (depth range 400- 
700 m) which represents the Subantarctic Mode Water 
[Sievers and Nowlin, 1984], the ao interval 27.25-27.35, 
the ao interval 27.35-27.45 (depth range 800-1200 m) 
lying within the tongue of the Antarctic Intermediate 
Water, and the a2 interval 36.50-36.60 (depth range 
1000-1300 m) representing the upper branch of the Cir- 
cumpolar Deep Water (CDW) [Reid et al., 1977]. No 
such plots can be shown for the more shallow surfaces 
in the South Atlantic, since the distribution of AC* 
and AC• on these surfaces is strongly determined by 
the mixing between the tropical and the southern end- 
members. The surfaces shown in Figure 5 have no trop- 
ical end-member, and the contribution of the northern 
end-members is very small for waters less than 30 years 
old. Figures 5a- 5d can therefore be discussed as if all 
waters originate from the South Atlantic only. 

On all surfaces, AC* decreases with increasing water 
age. This decrease reflects the invasion of anthropogenic 
CO2, since atmospheric fCO2 was lower when the older 
water was last in contact with the atmosphere. After 
removing this effect from AC* by replacing Ceq with 
Ceq(t), the resulting AC• shows more or less constant 
values within the uncertainties of the scatter. AC• re- 
flects the effective air-sea disequilibrium when the water 
parcel left contact with the atmosphere. Therefore this 
near constancy of AC• confirms my a priori assumption 
that the effective air-sea disequilibrium in the outcrop 
region of a specific density surface remained constant 
over time. Gruber et al. [1996] have shown that this is 
also the case in the North Atlantic. The effective air-sea 

disequilibrium A Cdiseq is determined finally by averag- 
ing all AC; values within a isopycnal interval using only 
values with water ages younger than 30 years. 

4.2. Air-Sea Disequilibrium 

A summary of the effective air-sea disequilibria for 
i 

the different end-members, ACdiseq, found on the in- 
vestigated density surface intervals, is given in Table 1 
and depicted in Figure 6. Also shown are the smoothed 
spline curves, which are used for the final estimate 
of AVan t. All surfaces deeper than ao 26.40 (aver- 
age depth 200-300 m) have negative ACdiseq. This is 
because these surfaces outcrop in temperate to high- 
latitude regions characterized by wintertime cooling, 
which causes the CO2 fugacity to drop below the atmo- 
spheric equilibrium fugacity. The North Atlantic end- 
member A Cdiseq does not vary greatly over the entire 
water column with values between -24/•mol kg -1 and 
-10 •umol kg -x as discussed by Gruber et al. [1996]. 

The ACdiseq end-member values of the tropical At- 
lantic deviate strongly from the pattern of the North 
Atlantic end-members. Positive values of A•'dise q are 
found for all a0 surfaces <26.20, with a maximum of 
17/•mol kg -• Since these surfaces do not outcrop in 
the tropical region, processes in the interior must be re- 
sponsible for setting these high end-member values. I do 
not clearly understand these processes, but it is possible 
that upwelling and/or cross isopycnal mixing of waters 
rich in C caused by the remineralization of organic mat- 
ter create these high end-member A•'dise q. During this 
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Figure 6 Plot of the estimated i ß ACdise q versus po- 
tential density for the different density intervals. (a) 
End-member air-sea disequilibria for the North Atlantic 
(solid circles), South Atlantic (open circles) and tropical 
Atlantic (triangles) are shown for the rr0 surfaces 25.30- 
27.40. The smoothing spline fits have been computed 
with a stiffness parameter of 0.9998. (b) End-member 
air-sea disequilibria for the North Atlantic (solid circles) 
and South Atlantic (open circles) depicted for the 
surfaces from 36.45-37.05 and the a4 surfaces 45.825- 
46.050 (converted to the appropriate a2 value). The 
smoothing spline fits have been calculated with a stiff- 
ness parameter of 0.999997. 
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process, oxygen must be at least partially replenished 
from the atmosphere, whereas C is not, which is feasible 
since oxygen has about a 10 times lower characteristic 
air-sea gas exchange time than CO2 [Broecker and Peng, 
1974]. The influence of these processes decreases with 
increasing potential density until no distinct tropical 
end-member is discernible at rr0 27.30. 

The/k(•dise q values of the South Atlantic end-members 
lie between the tropical and North Atlantic end-members 
in the upper ocean. A positive value is found for the 
most shallow surface investigated (rr0 - 25.30). The 
rr0 surfaces 26.05-26.65 show a similar minimum as ob- 
served in the North Atlantic. Below rr0 26.80, differ- 
ences between the southern and northern end-members 

are small and mostly within the uncertainty in the de- 
termination of A(•dise q. Exceptions are the rr2 surfaces 
between 36.90 and 37.03. These density surfaces rep- 
resent the North Atlantic Deep Water (NADW) in the 
north and the Circumpolar Deep Water (CDW) in the 
south [Reid et al., 1977]. 

How consistent is this pattern of CO2 air-sea dise- 
quilibrium reconstructed from data of the interior of 
the ocean with direct observations of Arco2 at the 
sea surface? I calculated zonal mean Arco2 from 
/k(•dise q following the methods described by Gruber 
et al. [1996] and compared them with wintertime obser- 
vations of Arco2 in the northern and southern hemi- 
spheres (December-February and June-August, respec- 
tively) as recently compiled by Takahashi et al. [1997] 
(Figure 7). In this analysis, data from isopycnal sur- 
faces which outcrop in the seasonal sea-ice zone have 
not been included. As already discussed by Gruber 
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Figure ?, Comparison of the Atlantic Ocean zonal 
mean air-sea difference of fC02 and Arc02, between 
the observational estimates of Takahashi et al. [1997] 
and the estimates based on /k(•dise q. The observations 
are averages for the winter months in the northern and 
southern hemispheres (December to February and June 
to August, respectively). 

et al. [1996], the North Atlantic shows very good agree- 
ment between the Arco2 estimated from data of the 
interior of the ocean and the direct observations. In 

the South Atlantic, my Arco2 are on average about 
10 /•atm lower than the estimates of Takahashi et al. 
[1997]. Given the large uncertainties in determining 
Arco2 from /k(•diseq, this difference is barely signifi- 
cant. It is also possible that Takahashi et al. [1997] may 
have underestimated the wintertime Arco2 since they 
had only very limited wintertime data available in the 
South Atlantic. In summary, this independent test of 
my approach to determine the air-sea disequilibrium in- 
creases the confidence in the determination of /k(•dise q 
and hence also /k•'an t. 

4.3. Distribution of Anthropogenic CO2 in the 
Atlantic Ocean 

Horizontally averaged profiles of anthropogenic CO2 
in 10 ø latitude belts from 70øS to 80øN were calculated 

by averaging all data within a given depth bin and lat- 
itude belt (see Figure 8). Negative values of the es- 
timated A(•an t are kept as negative values in the av- 
eraging process. In the North Atlantic northward of 
10øN the profiles are nearly identical to those shown 
by Gruber et al. [1996, Figure 8] despite the inclusion 
of end-member mixing in the determination of ACant. 
This confirms the previous assumption of Gruber et al. 
[1996] that the influence of the tropical and southern 
end-members is small and can be neglected in the North 
Atlantic north of 15 øN. 

The near-surface concentrations of /k(•an t are high- 
est in the tropical to subtropical regions (40-60 /zmol 
kg -•) and decrease toward the high latitudes (20-30 
/zmol kg-•). This is in good agreement with expec- 
tations based on thermodynamic considerations (Rev- 
elle factor) and the assumption that the surface ocean 
closely followed the anthropogenic CO2 increase in the 
atmosphere [Gruber et al., 1996]. In the tropical regions 
(20øS to 20 øN), /k(•ant rapidly decreases with depth to 
about 15 /zmol kg -• at 1000 m and to below 5 /zmol 
kg -x at about 1800 m. This shallow penetration is due 
to the shallow but strong pycnocline and the poor lat- 
eral ventilation [Doney and Bullister, 1992]. In the sub- 
tropical latitude belts of both southern and northern 
hemispheres (40øS to 20øS and 20øN to 40øN, respec- 
tively) the concentration of/k(•an t in the main thermo- 
cline is higher, and AC•nt penetrates deeper. These 
regions are characterized by Ekman convergence where 
h•'an t is expected to accumulate [Broecker et al., 1985a; 
$armiento et al., 1992]. The symmetry between the 
two hemispheres breaks down farther toward the poles. 
While the latitude belts between 40 ø and 50 ø show a 

similar vertical pattern, the high-latitude profiles in the 
North and South Atlantic are very different. In the 
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Figure 8. Horizontally averaged profiles of ACant in the Atlantic Ocean. (a) Profiles in 10 ø 
latitude belts from 70øS to 40øS. (b) Profiles in 10 ø latitude belts from 40øS to the equator. The 
profiles in the South Atlantic correspond to the year 1989. (c) Profiles in 10 ø latitude belts from 
the 40øN to 80øN. (d) Profiles in 10 ø latitude belts from the equator to 40øN. The profiles in the 
North Atlantic correspond to the year 1982. 

70.0 

North Atlantic north of 60øN, deep vertical penetration 
of A•ant is found with concentrations above 10 /•mol 
kg -• down to the bottom. In sharp contrast to this 
the vertical penetration of anthropogenic CO2 in the 
South Atlantic south of 50øS is shallow, and south of 
60øS, hCant falls below 5/•mol kg -• already at depths 
around 600 to 800 m. Below 800 m the concentrations 

are relatively constant between 2 and 5/•mol kg -•. 
The zonal mean distribution of A•an t in the Atlantic 

Ocean is largely consistent with expectations based on 
the current knowledge of thermocline structure and ven- 

tilation [Rooth and Ostlund, 1972; $armiento et al., 
1982] and of the circulation of the lower limb of ther- 
mohaline overturning [$methie, 1993; Doney and Jenk- 
ins, 1994; Fine, 1995]. The sharp contrast between 
the northern and southern high latitudes requires more 
discussion. The latitude belts north of 60øN comprise 
mainly the Greenland and Norwegian Seas. $chlosser 
et al. [1995] and $methie et al., [1986, 1988] showed 
that the deep waters in this region are ventilated on 
timescales of 10 to 40 years. The significantly higher 
concentration of A•ant at middepth in the latitude belt 
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from 50øN to 60øN compared to the same belt in the 
south is caused by the southward spreading of relatively 
newly formed North Atlantic Deep Water (NADW) as 
identified from bomb-produced tritium and CFC data 
[Smethie, 1993; Doney and Jenkins, 1994; Fine, 1995]. 

However, why do the waters in the South Atlantic 
contain so little anthropogenic CO2, although deep wa- 
ter formation is well known to occur in the Weddell Sea? 

Poisson and Chen [1987] argued that the observed low 
/kCant concentrations in the deep Southern Ocean are 
presumably the result of three factors: the short res- 
idence time of surface waters, substantial dilution of 
deep and bottom waters by subsurface mixing with old 
waters, and effective inhibition of air-sea gas exchange 
by sea ice, especially during winter. This finding is also 
corroborated by measurements of CFCs, 39Ar, and laC 
in the Weddell Sea and Southern Ocean [Warner and 
Weiss, 1992; Roether et al., 1993; $chlosser et al., 1994]. 
Thus the low reconstructed concentrations of/kCant in 
the two southernmost latitude belts appear acceptable 
on the basis of what is presently known about deep and 
bottom water formation in the South Atlantic. Inter- 

pretation of the details in the/kCant profiles is difficult 
because of the uncertainties in the separation of/kCant. 

In order to investigate the distribution of/kCant in 
the Atlantic Ocean in more detail, I turn to Figure 9 
which illustrates a meridional section along the west- 
ern transect shown in Figure 2. /kCant concentrations 
are highest in near-surface waters, and decrease steadily 
downward. Two distinct maxima (>50/•rnol kg -1) can 
be found in the upper 200 m in both hemispheres at ap- 
proximately 20øS and 20øN associated with maxima in 
temperatures. The anthropogenic CO2 uptake capacity 
of seawater is strongly temperature dependent, and wa- 
ters above 25øC can contain more than 45 /•mol kg -1 
in accordance with the observations. The distribution 

of/kCant in the upper waters follows more or less the 
vertical extent and structure of the main thermocline 

except in the high-latitude North Atlantic. This is well 
displayed by the pattern of the 30 /•mol kg -1 isoline. 
The downward slope of the 10 and 20/•mol kg -• iso- 
lines in the north is related to the southward spreading 
of relatively young NADW, which takes with it anthro- 
pogenic CO2. Anthropogenic CO2 is entering the deep 
Atlantic also from the South, but the signal is much 
weaker as discussed above. Only waters below 3000 m, 
north of 40øS and south of 40øN, contain essentially no 
anthropogenic CO2 (< I/•mol kg -•). 

The characteristics of anthropogenic CO2 in the east- 
ern Atlantic Ocean show much the same general fea- 
tures with some notable differences (see Figure 10). The 
downward and southward spreading of anthropogenic 
CO2 at 50øN to 60øN is much smaller. Concentrations 
above 5/•mol kg -1 are found only above a depth of ap- 
proximately 2000 m, whereas the 5 /•mol kg -1 isoline 

extends to the bottom at 4000 m at 50øN in the western 

section (Figure 9). This asymmetry is due to the lower 
limb of the thermohaline circulation which transports 
young waters southward in the deep western boundary 
current [Fine, 1995; Doney and Jenkins, 1994]. Along 
its pathway it constantly exchanges water with the in- 
terior. The deep eastern ocean is much less ventilated 
by young waters from the north (Figure 10). However, 
CFC 11 and CFC 12 data from the Oceanus 202 merid- 

ional cruise in the eastern North Atlantic along approx- 
imately 20øW [Doney and Bullister, 1992] indicate a 
much deeper and more southward penetration of rel- 
atively fresh waters. Penetration of the CFCs down 
to depths below 4000 m has been found as far south 
as 35øS. This indicates that this separation technique 
might underestimate the A•'an t concentrations in the 
deep eastern North Atlantic for reasons yet unknown. 

Figure 11 shows a section in the South Atlantic from 
60øW near the coast of South America to 20øE off the 

coast of South Africa. This section is not strictly zonal 
(see Figure 2). From 60øW to 20øW it follows approx- 
imately the 47øS latitude circle, then it turns north- 
eastward until 30øS/4øW. It then continues eastward 
along 30øS. This section intersects various fronts be- 
tween 20øW and 3øW [Gordon et al., 1992]' at approx- 
imately 15øW the subantarctic front, at 10øW the sub- 
tropical front, and at about 7øW the Benguela-South 
Atlantic Current front. The subantarctic front is in- 

tersected again at approximately 34øW. These fronts 
are reflected in changes in the slopes in the isolines of 
ziC'ant. The western and eastern part of this section 
are therefore reflecting two different regimes' West of 
20øW the section is within the Subantarctic and Po- 

lar Frontal Zones [Sievers and Nowlin, 1984], whereas 
east of 3øW the section represents subtropical water 
masses. The isolines in the middepth ocean in the west- 
ern part of the section slope downward from the east to 
the west. The section also reveals deep penetration of 
/kCant close to the South American shelf. This might 
be caused by the presence of Circumpolar Deep Water, 
which spreads northward as a deep western boundary 
current at a depth of about 2000 m [Reid et al., 1977]. 
However, the exact structure of this feature is not well 
defined because of low resolution of the observations. 

The concentrations of/kCant in the main thermocline 
are very similar in the eastern part of the section (east 
of 3øW) despite the different thermocline structure and 
circulation regime. Higher concentrations are found in 
the near-surface waters because of the higher temper- 
atures. Near the eastern end the section passes across 
one of the main upwelling centers off the coast of Africa 
[Gordon et al., 1992]. This causes an upward bow in 
the isolines in the upper waters in this region. No an- 
thropogenic CO2 is discernible below about 2000 m, in 
sharp contrast to the western part of the section. 
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Figure 9. Meridional sections of AC• (micromoles per kilogram) from 60øS to 80øN in the 
western Atlantic Ocean. (a) Observations along the western transect shown in Figure 2. Data are 
from the Transient Tracers in the Oceans (TTO) North Atlantic Study (1981), the TTO Tropical 
Atlantic Study (1982-1983), and the South Atlantic Ventilation Experiment (1989) and refer 
therefore to different years in the different regions. The uncertainty in the reconstructed 
has been estimated to be about 9 pmol kg -•. Small circles indicate observations. (b) Results of 
a simulation using the Princeton ocean biogeochemistry model [Sa•miento et al., 1995b] along 
the same transect within the resolution of the model. The model results are the average for the 
year 1986. 

The objectively analyzed distributions of anthropo- 
genic CO2 on two isopycnal surfaces are displayed in 
Figures 12 and 13. These surfaces are the ao 27.10 sur- 
face, which represents the Subpolar Mode Water in the 

North Atlantic [Kawase and Sarmiento, 1985] and the 
Subantarctic Mode Water in the South Atlantic [Siev- 
ers and Nowlin, 1984], and the a2 37.00 surface, which 
marks the core of the NADW. 
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Figure 10. Meridional sections of ACa•t (micromoles per kilogram) from 60øS to 80øN in the 
eastern Atlantic Ocean. (a) Observations along the eastern transect shown in Figure 2. Data are 
from the Transient Tracers in the Oceans (TTO) North Atlantic Study (1981), the TTO Tropical 
Atlantic Study (1982-1983), the South Atlantic Ventilation Experiment (1989), and the Meteor 
11/5 cruise (1991) and refer therefore to different years in the different regions. The uncertainty 
in the reconstructed ACa•t has been estimated to be about 9/•mol kg -t. Small circles indicate 
observations. (b) Results of a simulation using the Princeton ocean biogeochemistry model 
[$arraiento et al., 1995b] along the same transect within the resolution of the model. The model 
results are the average for the year 1986. 

On the ao 27.10 surface (Figure 12), anthropogenic 
CO2 shows a distinct tongue of high concentrations in 
the North Atlantic, extending from the outcrop in the 
northeast to the southwest. This reflects primarily the 

anticyclonic gyre transport, where anthropogenic CO2, 
similar to bomb tritium, is subducted into the ther- 
mocline in the northeast [Sarmiento et al., 1982]. A 
ACant front can be identified just to the south, extend- 



180 GRUBER: ANTHROPOGENIC CO2 IN THE ATLANTIC OCEAN 

300 

500 

7oola .•"'"""" '"' '•"" "'"'' ":••••••••••'-,• • 
900 q E 

1100 ........ • .... • .... , .... • .... i ,-., ,. , i ,•- • , , • .... 
0 

lOOO 

2000 

3000 

4000 

5000 

6000, , , , 

60øW 20øE 

0 

200 
- 

400 

600 
_ 

800 

1000 
0 

1000 

2000 

3000 

4000 

60. 

50. 

40. 

30. 

20. 

10. 

5OOO 

6000 , .... , , ,,, , , , , , , , , , , ,,, ..... 

60øW 50øW 40øW 30øW 20øW 10øW OøE 10øE 

LongiLude 

20øE 

60. 

50. 

40. 

30. 

20. 

10. 

Figure 11. Zonal sections of ACant (micromoles per kilogram) from 60øW to 20øE in the 
South Atlantic Ocean. (a) Observations along the transect shown in Figure 2. Note that the 
section runs from 60øW to 20øW along 47øS, then turns northward until 30øS at 4øW and then 
runs eastward along 30øS until 16øE. Data are from the South Atlantic Ventilation Experiment 
(1989). The uncertainty in the reconstructed ACant has been estimated to be about 9 /•mol 
kg -1. Small circles indicate observations. (b) Results of a simulation using the Princeton ocean 
biogeochemistry model [Sarmiento et al., 1995b] along the same transect within the resolution of 
the model. The model results are the average for the year 1989. 

ing from northeastern South America across the tropi- 
cal North Atlantic to the western tip of Africa at about 
15øN. This front coincides with the North Equatorial 
Current and divides the high-salinity northern subtrop- 
ical gyre waters from the low-salinity equatorial waters 

[Kawase and Sarmiento, 1985]. The invasion of anthro- 
pogenic CO• from the south is nearly uniform across 
the entire basin south of 20øS. A very similar pattern 
is displayed by the CFCs [Warner and Weiss, 1992]. 
However, the CFCs show a different distribution in the 
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Figure 12. Objectively analyzed distribution of anthropogenic CO2 (micromoles per kilogram) 
on the ao = 27.10 surface in the Atlantic Ocean. This isopycnal surface represents the Subpolar 
Mode Water in the north and the Subantarctic Mode Water in the south. Circles denote the 

stations; stippling denotes areas where the waters of this potential density are not present in 
wintertime (determined from the National Oceanic and Atmospheric Administration (NOAA) 
National Environmental Satellite and Information Service (NESDIS) atlas [Levitus et al., 1994b; 
Levitus and Boyer, 1994]). Cross-hatched areas are regions where the estimated error in objec- 
tively analyzed ACant is greater than 5/•mol kg -1. 

tropical regions. Warner and Weiss [1992] found signif- 
icantly higher concentrations in the western part of the 
tropical South Atlantic and found concentrations near 
the detection level in the east. My AVant data suggest 
the opposite. It must be emphasized, however, that the 
reconstruction of ACant in the tropical Atlantic is not 
very well constrained because of the few data points 
available to determine the tropical end-member values 
of ACdiseq- The CFC data indicate that I might have 
overestimated AVant in the eastern part of the tropical 
South Atlantic. The influence of these overestimated 

values on the inventory of CO2 in the Atlantic Ocean 
is, however, very small, because the affected water mass 

constitutes less than a percent of the total volume of the 
Atlantic Ocean. 

The pattern of ACant on the •2 37.00 surface dif- 
fers substantially in the North Atlantic from that on 
the shallower surface (see Figure 13). High concentra- 
tions of anthropogenic CO2 are found in the northwest- 
ern part of the North Atlantic and extend southward 
along the eastern coasts of the American continents. 
This distribution reflects the pathway of the deep west- 
ern boundary current which transports freshly formed 
NADW southward within decades [Weiss et al., 1985; 
Doney and Jenkins, 1994; Fine, 1995; $methie, 1993]. 
The eastern North Atlantic is essentially free of anthro- 
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Figure 13. Objectively analyzed distribution of anthropogenic CO2 (micromoles per kilogram) 
on the a2 - 37.00 surface in the Atlantic Ocean. This isopycnal surface characterizes the core 
of the middle North Atlantic Deep Water. Circles denote the stations; stippling denotes areas 
where the waters of this potential density are not present in wintertime (determined from the 
NOAA NESDIS atlas [Levitus et al., 1994b; Levitus and Boyer, 1994]). Cross-hatched areas are 
regions where the estimated error in objectively analyzed A Cant is greater than 5 pmol kg -1. 

pogenic CO2 on this potential density surface. The 
pathway of the anthropogenic CO2 invasion from the 
south is similar to the one found on the isopycnal 
27.10. Concentrations of AC'ant above 5 pmol kg -1 are 
only found south of about 50øS. 

4.4. Inventories of Anthropogenic CO2 

The oceanic inventory of anthropogenic CO2 is esti- 
mated on the basis of TTO NAS, TTO TAS, SAVE, 
Meteor 11/5, and Meteor 15/3. The surveys in the 
North Atlantic (TTO NAS and TTO TAS) have been 
conducted between 1981and 1983, whereas the South 
Atlantic was sampled between 1987 and 1991 (SAVE, 
Meteor 11/5, and Meteor 15/3). In order to take this 
time difference into account, I calculate the inventory 
separately for the North and the South Atlantic. The 

inventory of each latitude belt is determined by verti- 
cally integrating the mean A•'ant profile in that latitude 
belt, taking the varying horizontal cross section area 
into account [see (•ruber et al., 1996]. Negative values 
of the mean A•'an t profile are set to zero in the inventory 
calculation. The specific inventories are then calculated 
by dividing the inventories by the surface area of that 
latitude belt. The results are shown in Table 4. 

For the North Atlantic Ocean between the equator 
and 80øN a total inventory of 18.2 x 10 TM mol C or 
about 21.8 Gt C (1 Gt = 1015 g) and a specific inventory 
of about 39 mol C m -2 was obtained. These invento- 

ries refer to 1982, the middle year of the North Atlantic 
cruises. The values calculated for the latitude belts from 

10øN to 80øN are with the exception of the latitude belt 
from 10øN to 20øN identical to the inventories reported 
by Gruber et al. [1996] despite the fact that the effect 
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Table 4. Summary of the Estimated Water Column Inventory of Anthropogenic CO2 in the Atlantic Ocean by 
10øLatitude Belts 

Latitude Belt, Surface Area? Volume? Number of Specific Inventory, Inventory, Inventory, 
deg 10 •2 m 2 10 •6 m a Stations mol C m -2 10 TM mol C Gt C 

South Atlantic 1989 

70øS - 60øS 4.6 1.7 19 10 0.5 0.6 
60øS- 50øS 6.2 2.2 51 20 1.3 1.5 
50øS - 40øS 7.5 3.1 79 46 3.4 4.1 
40øS- 30øS 7.4 2.9 65 45 3.3 4.0 
30øS- 20øS 6.7 2.7 80 37 2.5 3.0 
20øS- 10øS 6.1 2.7 171 31 1.9 2.3 
10øS- Eq 6.1 2.6 82 33 2.0 2.5 

Total South Atlantic (1989) 44.8 17.9 547 33 (mean) 14.9 18.0 

68 
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46.8 

Eq- 10øN 
10ON_ 20ON 
20ON_ 30ON 
30ON _ 40ON 
40ON_ 50ON 
50ON_ 60ON 
60ON_ 70ON 
70ON_ 80ON 

Total North Atlantic (1982) 

North Atlantic 1982 

2.4 70 29 1.9 2.3 
3.1 41 33 2.7 3.2 
3.6 53 40 3.6 4.3 
2.9 85 59 4.2 5.0 
1.6 26 43 2.3 2.8 
0.9 60 40 1.9 2.3 
0.4 22 28 1.0 1.2 
0.2 14 25 0.6 0.7 

15.0 371 39 (mean) 18.2 21.8 

aBoundaries at 70øW and 20øE in the Southern Ocean. 

of mixing between the different end-member A Cdiseq 
has been taken into account explicitly in the present 
study. The anthropogenic CO2 inventory in the South 
Atlantic Ocean from 70øS to the equator is estimated 
to be 14.9 x 10 TM tool C or about 18.0 Gt C. The mean 

specific inventory of 33 mol C m -2 is significantly lower 
than in the North Atlantic. The South Atlantic inven- 

tories are representative for 1989, the middle year of the 
South Atlantic cruises. Gruber et al. [1996] estimated 
the error of these inventories to be about 20% based on 

the signal-to-noise ratio of ACant. I refined their analy- 
sis by performing an error propagation calculation using 
the same uncertainties in the measured quantities and 
ratios as Gruber et al. [1996]. This yields an uncertainty 
in the inventories of about 7% to 9% (1.9 Gt C for the 
North Atlantic and 1.3 Gt C for the South Atlantic). 
This calculation assumes that all errors are uncorre- 

lated and of random origin. However, systematic errors 
can have a profound effect on the estimated inventory. 
In order to address this possibility, two cases were in- 
vestigated wherein the stoichiometric carbon to oxygen 
ratio during remineralization rc:o2 has been set to the 
upper limit (-0.780) and lower limit (-0.596) of the un- 
certainty given by Anderson and $armiento [1994]. The 
former corresponds approximately to Refield's ratio of 
106 to -138 [Redfield et al., 1963], whereas the latter 
corresponds roughly to a stoichiometry of 117 to -196. 
The choice of these two scenarios is based on the fact 

that the largest uncertainty in the separation technique 
is associated with this ratio, especially in waters having 
high apparent oxygen utilization [Gruber et al., 1996]. 
The Atlantic inventories increase by about 8 Pg C (20%) 
in the case of rc:o2 = -0.596, whereas the inventories 
decrease by only about 3 Pg C (8%) in the Redfield case. 
The changes are larger in the South Atlantic than in the 
North Atlantic, since the apparent oxygen utilization is 
on average higher south of the equator. A systematic 
bias in rc:o2 of this magnitude is unlikely, but other 
systematic errors might confound the estimated ACant. 
Especially, a possible uncertainty of i2 /•mol kg -1 in 
the deep ocean ACdiseq could over 3000 m add up to 
about 6 mol m -2, which is equivalent to approximately 
20% of the total water column inventory. I therefore 
continue to assume that the errors of the inventories are 

of the order of 20% with most of the uncertainty stem- 
ming from possible systematic biases. It must be noted, 
however, that the magnitude of this error is only a rough 
estimate, and more refined techniques are necessary in 
order to obtain improved estimates of this error. 

The distribution of the specific inventories by lati- 
tude belt is shown in Figure 14. The highest specific 
inventories are found in the subtropical regions of both 
hemispheres between 30 ø and 40 ø . The maximum in the 
North Atlantic is somewhat larger (56 mol C m -2) than 
the South Atlantic maximum (49 mol C m-2). The 
tropics and the high latitudes have significantly lower 
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Figure 14. Specific inventories of anthropogenic CO2 
in the Atlantic Ocean. The model based inventories 

are from the Princeton ocean biogeochemistry model 
[Sarmiento et al. 1995b]. North of the equator the 
inventories refer to the year 1982; south of the equator 
they refer to the year 1989. 

specific inventories. This distribution reflects the wind- 
driven meridional circulation [Sarmiento et al., 1992]. 
Ekman divergence near the equator and in the temper- 
ate regions causes anthropogenic CO2 which entered the 
ocean in these regions to be laterally transported toward 
the subtropics. Anthropogenic CO2 accumulates then 
in the subtropical convergence zone causing high spe- 
cific inventories. A very similar pattern is observed for 
other transient tracers like bomb radiocarbon [Broecker 
et al., 1995] and CFCs [Doney and Bullister, 1992]. In 
the northern high latitudes the specific inventories are 
relatively small despite the fact that anthropogenic CO2 
has penetrated to the bottom. This is primarily due to 
the shallowness of the ocean north of 60øN. The spe- 
cific inventories south of 50øS are very low, reflecting 
the very shallow vertical penetration of anthropogenic 
CO2 as displayed in Figure 8 and discussed in section 
4.3. The relative uncertainties of the specific inventories 
in the two southernmost belts are high, however, be- 
cause of the large relative uncertainties associated with 
the near zero concentrations in the middepth and deep 
waters. 

Figure 15a shows the objectively analyzed distribu- 
tion of the vertically integrated A(•an t concentrations at 
each station. This quantity is not identical to the spe- 
cific inventory because of topographic effects. The dif- 
ference is particularly relevant when A•'an t has nearly 
vertically uniform concentrations as found in the Green- 
land and Norwegian Seas. Here the vertical integral of 
/k(•ant for a specific station is primarily determined by 
the depth. Since oceanographic stations are preferably 
located in the deeper parts of a basin, the mean value 

of the vertically integrated ACant over a larger region 
is greater than the mean specific inventory in this re- 
gion. This explains the apparent discrepancy in the 
high-latitude North Atlantic between Figures 14 and 
15a. South of 60øN the difference between the vertically 
integrated ACant and the specific inventory of ACant 
is small, and both quantities show similar large-scale 
features. High vertically integrated ACant values (> 50 
tool C m -2) are found in the entire North Atlantic north 
of 30øN. Decreasing values toward the continents and 
between Europe and Greenland are caused by shoaling 
depths. A distinct front running from South America 
across the tropical Atlantic to the western tip of Africa 
separates the low vertically integrated concentrations 
in the equatorial Atlantic from the higher values to the 
north. In the western Atlantic this front is identical 

to the front described above in Figure 12, shown to be 
associated with the North Equatorial Current. In the 
eastern basin the isolines bend to the south because 

of the contribution of the southward spreading western 
boundary current in the deeper layers. The vertically 
integrated ACant values show a broad band of higher 
values in the subtropical South Atlantic. The maxi- 
mum value of vertically integrated ACant in the South 
Atlantic is found in the eastern portion of the South 
Atlantic subtropical gyre, consistent with expectations. 
Vertically integrated ACant decreases rapidly south of 
55øS. Lower values toward the continents are again due 
to the shoaling topography. 

4.5. Model Comparison 

I compare my estimates of anthropogenic CO2 in 
the Atlantic Ocean with the results of the Princeton 

ocean biogeochemistry model (POBM) [Sarmiento et 
al., 1995b] . This model s a global coarse-resolution 
model based on the non seasonal circulation model of 

Toggweiler et al. [1989a]. A full natural carbon cy- 
cle is included, representing the solubility pump, the 
soft-tissue pump, and the carbonate pump. This model 
has been spun up to a preindustrial steady state with 
an atmospheric CO2 concentration of 280 /•atm. The 
uptake simulation starts in 1767. Atmospheric CO2 is 
prescribed by the same smoothed spline fit through at- 
mospheric CO2 data as used for the calculation of AC•. 
Model results which pertain to the entire Atlantic are 
analyzed for the year 1986. In the other cases, results 
from 1982 are used in the North Atlantic and are used 

from 1989 in the South Atlantic. 

The POBM predicts anthropogenic CO2 inventories 
of 20.0 Gt C (North Awlantic, 1982) and 17.7 Gt C 
(South Atlantic, 1989), in very good agreement with 
my reconstruction based on observations (see Tables 5 
and 6). The global uptake rate of the POBM between 
1982 and 1989 is about 2 Gt C yr -•. This leads to 
an increase in the total ocean inventory from 106 Gt 
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Figure 15. (a) Objectively analyzed distribution of the vertically integrated concentrations of 
A(•an t (moles C per square meter). The observations refer to the years from 1981 to 1983 in the 
North Atlantic and refer to the years from 1987 to 1991 in the South Atlantic. Circles denote 
stations, and the hatched pattern denotes the regions where the error of the objective interpolation 
is greater than 5 tool C m -2. (b) Distribution of the vertically integrated concentration of A(•an t 
in the Princeton ocean biogeochemistry model [Sarmiento et al. 1995b] for the year 1986 (moles 
C per square meter). 

C in 1982 to 120 Gt C in 1989. About 34% of the 

oceanic uptake of anthropogenic CO2 occurs in the At- 
lantic ocean, which covers only about 26% of the total 
ocean surface. This enhanced uptake by the Atlantic 
is mainly due to the North Atlantic, where deep water 
formation and strong vertical overturning enhance the 
surface-to-deep ocean transport. This transport is the 
main controlling factor for the oceanic uptake of anthro- 
pogenic CO2 [$iegenthaler and Joos, 1992; $armiento 
et al., 1992]. The POBM is known to have a too slug- 
gish thermocline ventilation and a much too diffusive 
thermocline [ Toggweiler et al., 1989b; $armiento et al., 
1992]. Obviously, these deficiencies seem not to have a 
large impact on the anthropogenic CO2 uptake on the 
large scale. 

For a more detailed comparison of the model results 
with our reconstruction I return to Figures 9 - 11. The 

model shows good qualitative agreement in both the 
western (Figure 9) and eastern (Figure 10) meridional 
sections. However, substantial deviations occur, espe- 
cially in the North Atlantic. The model underpredicts 
the concentrations in the main thermocline of the sub- 

tropical to temperate regions. The isolines lie between 
200 and 400 m too shallow compared to observations. 
A particularly large deficiency shows up in the POBM 
between 40øN and 50øN at depths between 200 and 
500 m as already discussed by Gruber et al. [1996]. 
This deficiency has been attributed to the artificial up- 
welling of deep water with low concentrations of ACan t 
on the landward side of the Gulf Stream [Toggweiler 
et al., 1989b, p. 8249]. This upwelling is caused by 
the strictly horizontal orientation of lateral mixing in 
the POBM [Veronis, 1975]. Rotation of the diffusion 
tensor to create isopycnal/diapycnal mixing has been 
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shown to reduce this artificial upwelling [Gough and 
Lin, 1995]. However, Duffy et al. [1995a] still found 
an eastward displacement of the maximum specific in- 
ventory of bomb radiocarbon, indicative of the Vero- 
nis effect, when employing a z level model similar to 
the one employed here but with isopycnal/diapycnal 
mixing. Follows and Marshall [1996] proposed that 
eddy transport, which is not explicitly included in such 
coarse-resolution models, may also play an important 
role. 

The POBM simulates the downward depression of 
the isolines in the northern high latitudes due to the 
southward spreading of NADW. However, the simulated 
NADW does not penetrate below 3000 m [Toggweiler 
et al., 1989a], since denser waters of Antarctic origin fill 
up the entire deep North Atlantic. The model overpre- 
dicts the ACant concentrations in the NADW, partially 
compensating the deficiency in the upper thermocline. 
Both model and observations predict very low concen- 
trations in the deep and bottom waters in the South 
Atlantic. A large difference exists, however, in the up- 

per waters south of 40øS. The observations indicate a 
substantial shoaling of the isolines toward the south, 
whereas the model simulates much deeper penetration 
at these latitudes. The POBM is known to have exces- 

sive convection in the Southern Ocean and to produce 
deep waters which are too young compared to obser- 
vations [Toggweiler et al., 1989b]. The introduction 
of a parameterization of the effects of mesoscale ed- 
dies not resolved by coarse-resolution models [Gent and 
Mc Williams, 1990; Gent et al., 1995] has been shown to 
dramatically reduce convective adjustment and to im- 
prove the simulation of temperature, salinity, radiocar- 
bon and CFCs in the intermediate and deep Southern 
Ocean [Danabasoglu et al., 1994; England, 1995; Duffy 
et al., 1995b; Robitaille and Weaver, 1995; Hirst and 
McDougall, 1996; Duffy et al., 1997]. 

The too low concentrations of ACant in the thermo- 
cline from 40øS to 40øN are also evident in a more de- 

tailed comparison between the model predicted and ob- 
served specific inventories (Table 5 and Figure 14). The 
model underpredicts the specific inventories in these lat- 
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Table 5. Comparison of the Estimated Water Column Inventory of Anthropogenic CO2 in the Atlantic Ocean 
With Estimates From the Princeton Ocean Biogeochemistry Model (POBM) [Sarmiento et al., 1995b] for the 
Years 1982 and 1989 by Latitude Belt 

Latitude Belt 

POBM Observations 

Surface Inventory, Specific Surface Inventory, 
Area, a Inventory, Area, b 

10 TM m 2 Gt C mol C m -2 10 •2 m 2 Gt C 

Specific 
Inventory, 

tool C m-2 

South Atlantic 1989 

71 øS - 62 øS 3.9 1.5 32 
62øS- 53øS 5.3 2.0 32 
53øS - 45øS 6.4 2.8 37 
45 ø S - 36 ø S 6.9 3.3 40 
36 ø S - 27 øS 6.3 2.8 37 
27øS- 18øS 5.7 2.2 32 
18øS- 9øS 5.2 1.6 25 

9 ø S - Eq 5.3 1.5 23 
Total South Atlantic (1989) 45.0 17.7 33 (mean) 

North Atlantic 1982 

34 

52 

63 

69 
65 

59 
55 

5.6 

45.3 

0.2 

1.1 

3.1 

4.0 
3.2 

2.6 

2.0 
2.1 

18.3 

Eq- 9øN 5.7 1.6 23 6.1 2.0 
9øN- 18øN 6.8 2.4 30 7.0 3.0 
18øN- 27øN 8.0 3.0 31 8.0 3.3 
27øN- 36øN 7.1 3.1 36 7.0 4.7 
36øN - 45øN 5.4 3.0 46 5.5 3.4 
45øN- 53øN 4.1 2.5 51 4.0 2.0 
53øN- 62øN 4.4 2.2 42 4.8 2.0 
62øN- 71øN 3.1 1.4 38 2.8 0.8 
71øN- 80øN 3.3 0.8 21 1.8 0.5 

Total North Atlantic (1982) 47.9 20.0 35 (mean) 47.0 21.7 

4 

18 

41 

49 
41 

37 

30 

32 

33 (mean) 

27 

36 

34 

56 

52 

42 

35 

25 

23 

39 (mean) 

aBoundaries at 67.5øW and 22.5øE in the Southern Ocean. 
b Boundaries at 70øW and 20øE in the Southern Ocean. 

Table 6. Comparison of the Total Estimated Water Column Inventory of Anthropogenic 
CO2 in the Atlantic Ocean With Estimates from the Princeton Ocean Biogeochem- 
istry Model (POBM) [Sarmiento et al., 1995b] 

Global Global North Atlantic South Atlantic 

Uptake Rate, Inventory, Inventory, a Inventory, b 
Gt C yr -x Gt C Gt C Gt C 

1982 

Observations (this study) 22 + 5 
POBM 1.86 106 20.0 15.8 

1989 

Observations (this study) 18 + 4 
POBM 2.21 120 22.7 17.7 

aAtlantic Ocean between equator and 80øN. 
Atlantic Ocean between 71 øS and equator. 
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itude belts on average by about 5 mol C m -2. This 
is compensated by an overprediction in the Southern 
Ocean and in the middle to high-latitude North At- 
lantic, resulting in a good agreement in the total basin- 
wide inventories. Particularly large is the overpredic- 
tion of the model south of 53øS, where the POBM sim- 
ulates specific inventories of the order of 30 mol C m -2, 
whereas my reconstruction from observations indicates 
specific inventories of the order of 10 mol C m -2. Even 
taking into account the large relative error of the latter 
estimate (probably about 50%), the difference remains 
significant. 

The POBM simulated distribution of the vertically 
integrated A•an t concentration shows the success and 
deficiency of the model in even more detail (Figures 
15a and 15b). The artificial upwelling in the North 
Atlantic displaced the maximum toward the north and 
east. The vertically integrated values are lower through- 
out the subtropical and equatorial Atlantic but signifi- 
cantly higher in the Southern Ocean. 

4.6. Comparison With Chen's Estimates 

Chen [1993] recently summarized all of his calcula- 
tions and attempted to estimate a global inventory of 
anthropogenic CO2 in the oceans. He reported for the 
year 1973 an inventory of 21.5 4-4.5 Gt C in the North 
Atlantic (equator to 65øN) and 12.0 4. 2.5 Gt C in the 
South Atlantic. Both values are based on an earlier 

study [C hen, 1982]. He also presented an inventory of 
0.85 4. 0.2 Gt C for the Greenland and Norwegian Seas 
for the year 1982 making use of the study of Chen et at. 
[1990]. His North Atlantic inventory up to 65øN is sub- 
stantially larger than the inventory predicted by the 
POBM for the same year (15.2 Gt C), whereas good 
agreement is found for the South Atlantic (13.7 Gt C). 
Accepting the model-calculated increase of 2.5 Gt for 
the North Atlantic between 1973 and 1982 and adding 
the estimate of Chen [1993] for the Greenland and Nor- 
wegian Seas, an inventory of about 25 4. 5 Gt C is in- 
ferred from Chen's estimate for the entire North At- 

lantic (equator to 80øN) for the year 1982. This is some- 
what larger than my estimate of 22 4. 5 Gt C but is well 
within the uncertainties. Adding the model-predicted 
increase of 4 Gt C for the South Atlantic between 1973 

and 1989, I estimate from Chen's data a South Atlantic 
inventory of about 16 4. 3 Gt C for the year 1989. This 
is smaller than my estimate of 18 4. 4 Gt C but again is 
in agreement within the uncertainties. 

5. Summary and Conclusions 

The method of Gruber et al. [1996] was extended 
and applied to data from the North and South Atlantic 
sampled as part of the TTO NAS, TTO TAS, SAVE, 
Meteor 11/5, and Meteor 15/3 cruises. The extension 

of the method includes the explicit treatment of mixing 
between the air-sea disequilibria of the different end- 
members on a potential density surface. The recon- 
structed distribution of anthropogenic CO2 in the At- 
lantic Ocean reflects the patterns of the oceanic uptake 
and subsequent redistribution of anthropogenic CO2 
within the ocean. Concentrations of anthropogenic CO2 
in the upper waters are highest in the subtropics and de- 
crease toward the poles because of the temperature de- 
pendence of the CO2 thermodynamic system. Concen- 
trations decrease gradually with depth. Vertical pen- 
etration (5 pmol kg -x front) is shallow in the tropics 
(1500 m) and in the Southern Ocean (700 m), interme- 
diate in the subtropics (2000 m), and high in the high- 
latitude North Atlantic, where anthropogenic CO2 has 
even reached the bottom (4000 m). This pattern reflects 
the ventilation of the main thermo½line, the processes of 
deep water formation, and the flow patterns of the lower 
limb of the thermohaline circulation. I estimate for the 

entire North Atlantic (equator to 80øN) an anthropo- 
genic CO2 inventory of 22 4. 5 Gt C for the year 1982. 
The estimate from 10øN to 80øN is almost identical to 

the previous assessment of Gruber et at. [1996] despite 
the consideration of mixing in the present study. The 
inventory of A•an t in the South Atlantic is estimated 
to be 18 4. 4 Gt C for 1989. I compared my estimates 
with the results of the Princeton ocean biogeochemistry 
model. The agreement of the total inventory in the two 
basins for the respective years (North Atlantic: 20.0 Gt 
C; South Atlantic: 17.7 Gt C) is excellent. Substantial 
differences, however, exist on a regional scale. Most of 
theses differences are related to known deficiencies in 

the circulation model. 

Nevertheless, despite these regional discrepancies the 
agreement between the POBM results and my estimates 
on the basin scale is encouraging and suggests that the 
simulation of the global uptake of this model should be 
quite realistic. In order to test this hypothesis, it is nec- 
essary to extend this method to the global scale. This 
will become possible when carbon and other tracer data 
from the ongoing World Ocean Circulation Experiment 
(WOCE) will become available in the near future. First 
assessments of anthropogenic CO2 using data from the 
Indian Ocean WOCE program [Sabine et at., 1997] show 
promising results. 
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