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Meridional transport of dissolved inorganic carbon
in the South Atlantic Ocean

J. Holfort,*? K. M. Johnson,! B. Schneider,® G. Siedler,* and D. W. R. Wallace 2

Abstract. The meridional oceanic transports of dissolved inorganic carbon and oxygen
were calculated using six transoceanic sections occupied in the South Atlantic between
11°S and 30°S. The total dissolved inorganic carbon (TCO,) data were interpolated onto
conductivity-temperature-depth data to obtain a high-resolution data set, and Ekman,
depth-dependent and depth-independent components of the transport were estimated.
Uncertainties in the depth-independent velocity distribution were reduced using an
inverse model. The inorganic carbon transport between 11°S and 30°S was southward,
decreased slightly toward the south, and was -2150 + 200 kmol s* (-0.81 + 0.08 Gt C
yr') at 20°S. This estimate includes the contribution of net mass transport required to
balance the salt transport through Bering Strait. Anthropogenic CO, concentrations were
estimated for the sections. The meridional transport of anthropogenic CO, was north-
ward, increased toward the north, and was 430 kmol s (0.16 Gt C yr') at 20°S. The
calculations imply net southward inorganic carbon transport of 2580 kmol s* (1 Gt C yr')
during preindustrial times. The slight contemporary convergence of inorganic carbon
between 10°S and 30°S is balanced by storage of anthropogenic CO, and a sea-to-air flux
implying little local divergence of the organic carbon transport. During the preindustrial

era, there was significant regional convergence of both inorganic carbon and oxygen,
consistent with a sea-to-air gas flux driven by warming. The northward transport of
anthropogenic CO, carried by the meridional overturning circulation represents an
important source for anthropogenic CO, currently being stored within the North Atlantic

Ocean.

1. Introduction

As high-quality data on the global distribution of CO, in
the atmosphere became available, it became possible to
combine these data with atmospheric transport models to infer
the transport of CO, from one part of the globe to another
[e.g., Keeling et al., 1989; Tans et al., 1990; Enting et al.,
1995). This approach promises to provide insight into the
regional distribution of sources and sinks of atmospheric CO,;
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however, to be useful in analyzing the global carbon cycle,
such an analysis requires an assessment of the corresponding
transport of CO, by the ocean circulation [Broecker and
Peng, 1992].

The oceanic transport of chemical properties can be
approached using methods similar to those developed for the
calculation of heat and water transports [e.g., Wunsch, 1978;
Hall and Bryden, 1982; Roemmich and Wunsch, 1985]. This
approach has been applied to the transport of nutrients
[Rintoul and Wunsch, 1991; Wunsch et al., 1983; Robbins
and Bryden, 1994] and inorganic carbon [Brewer et al., 1989;
Martel and Wunsch, 1993; Robbins, 1994; Holfort et al.,
1994; Stoll et al., 1996]. The latter made use of measure-
ments of the total dissolved inorganic carbon content of
seawater (TCO,).

Some of these analyses of inorganic carbon transports have
been limited by a lack of high-quality, densely sampled
sections with TCO, measurements, as well as by incomplete
specification of the various components of the transport which
can contribute to the meridional transport of CO,. Densely
sampled, high-quality TCO, data are, however, now being
collected in conjunction with World Ocean Circulation
Experiment (WOCE) cruises, by the Joint Global Ocean Flux
Study (JGOFS) global survey of CO, in the oceans [Sabine et



480 HOLFORT ET AL.: SOUTH ATLANTIC CO, TRANSPORT

al., 1997]. An example of the use of transport estimates
calculated using modern section data was recently reported by
Stoll et al. [1996].

In this paper, we use a set of these new WOCE sections,
with corresponding TCO, data, as the basis for calculating the
north-south transport of CO, within the South Atlantic Ocean
(we also report the transport of dissolved oxygen). We focus
a great deal of attention on the uncertainties which inevitably
arise in such calculations. The calculations we present are
appropriate for the early 1990s when the observations were
made. However, the concentration of CO, in the oceans is
increasing with time as a result of the uptake of excess or
anthropogenic CO, from the atmosphere, and anthropogenic
CO, concentrations and ocean currents are both spatially
variable. We therefore also estimated the concentration
distribution of anthropogenic CO, in the sections and calcu-
lated its transport. On the assumption that the ocean circula-
tion and the ocean’s natural carbon cycle have not changed
significantly since preindustrial times (e.g., since 1750),
subtraction of the anthropogenic CO, transport from the total
transport measured in the early 1990s provides an estimate
of the inorganic carbon transport which occurred during
preindustrial times. In a separate paper, we will discuss the
implications of the anthropogenic CO, transport for the
storage of anthropogenic CO, in the North Atlantic Ocean.

2. Data and Data Interpolation

The main hydrographic sections used for the calculation of
the meridional transport of inorganic carbon in the South
Atlantic were the WOCE sections A8 (11°S), A9 (~19°S) and
A10 (~30°S). These sections were occupied by the Institut fiir
Meereskunde, Kiel, Germany, on board the research vessel
Meteor between 1991 and 1994 [Siedler and Zenk, 1992 ;
Siedler et al., 1993; Zenk and Miiller, 1995; Siedler et al.,
1996]. The total dissolved inorganic carbon (TCO,) values
[Johnson et al., 1995, 1998] were determined using single-

operator multiparameter metabolic analyzer systems [Joknson
and Wallace, 1992; Johnson et al.,1993]. On the WOCE
cruises, the TCO, analyses were cross-checked for accuracy
against Certified Reference Materials provided by A.
Dickson of Scripps Institution of Oceanography. These
analyses suggested that the WOCE data are accurate to better
than 2 umol kg'. Additional sections were taken from
historical data, particularly the high-quality pre-WOCE TCO,
data collected during the South Atlantic Ventilation Experi-
ment (SAVE) (T. Takahashi and D. Chipman, personal
communication, 1991). We have compared the data from
SAVE Legs 2 and 3 in the Western Basin with the the WOCE
TCO, data from the same region using a multivariate ap-
proach and found no significant offsets between the data sets
[Wallace et al., 1996]. Table 1 presents a summary of the
sections used, and Figure 1 shows their geographical loca-
tions.

In order to calculate material transports from hydrographic
section data, high data densities are generally required. Water
chemistry data are available for a maximum of ~36 discrete
depths per station (> 100 m resolution), compared to the ~2
dbar resolution of the conductivity-temperature-depth (CTD)
profiler data from which geostrophic water transports are
estimated. Although nutrients, oxygen, and the CTD data are

- available for almost all of these bottle samples, TCO, mea-

surements are not available for every station and every bottle -
depth because of analysis time limitations. To increase the
TCO, data density prior to making the inorganic carbon
transport calculations, some form of interpolation or mapping
scheme is required. Recently, Goyet et al. [1995] demon-
strated the potential of quadratic spatial interpolation of sparse
TCO, data. As they noted, however, consideration of near-
continuous profiles of "master variables” such as T, S, and
0, should allow significant improvement over spatial interpo-
lation schemes. Previous studies which used multiple linear
regression with such variables to interpolate TCO, onto bottle
data were performed on basin scales [Brewer et al., 1995;
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Figure 1. Map of the South Atlantic Ocean showing the geographical positions of the geostrophic velocities used in the
transport calculations. Each star represents a location midway between two adjacent stations. Please note that there are
overlapping sections at 11°S and toward the eastern end of 30°S (east of 5°W). The meridional sections are used only with the
conservation constraints in the inverse model (see appendix, constraint B).
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Table 1. Section Data Used for this Study

Cruise WOCE Date Location (s) Bottles TCO, Institutions
Section Tripped Samples

Meteor 28 A8 April 1994 11°8 3840 1540 IfM / BNL
Meteor 15 A9 February 1991 19°S 3290 690 IfM / BNL
Meteor 22 AlO January 1993 30°S 3420 1420 IfM / BNL
Oceanus 133 - March 1983 11°8, 23°S 3690 0 WHOI
SAVE Leg 3 - February 1988 25°S, 0°W 2560 1620 SIO/LDEO
SAVE Leg 4 - December 1988 30°S 2290 1040 SIO/LDEO

"Bottles Tripped” refers to all water samples collected during the cruise, of which only a subset were analyzed for TCO,. Note that
the Oceanus sections were not sampled for TCO,: values were interpolated using the method described in the text on the basis of
adjacent section data. These sections were used because the transport estimates are highly contingent on the mass transport fields: hence

we used all available sections. Abbreviations are as follows:

IfM, Institute fur Meereskunde, Kiel; BNL, Brookhaven National

Laboratory; WHOI, Woods Hole Oceanographic Institution; SIO, Scripps Institute of Oceanography; and LDEO, Lamont-Doherty

Earth Observatory. Dash indicates non-WOCE cruises.

Wallace, 1995]. The residuals for such large-scale regressions
vary systematically with geographic position and depth
[Wallace, 1995].

We therefore developed a three-step procedure to map the
sparse TCO, bottle data onto the CTD data using multiple
linear regression. Our approach involved the development of
localized multiparameter linear regressions from all the

available bottle data which were located within a specified
domain centered around the position (latitude, longitude,
pressure, or depth) at which a value was to be calculated. A
horizontal domain extent of 2°x 2° was chosen to provide an
adequate number of samples for each domain in most cases.
The vertical extent of the regression domains (2 x AP,,,) was
varied with pressure, starting at + 150 dbar around the
desired position close to the sea surface and increasing with
depth according to

AP, =150 + 0.1 %P ¢}

where P is the pressure. A variable vertical extent was
required because of the stronger vertical gradients found in
the upper ocean and the lower resolution of the bottle data at
greater depths. In cases where there were insufficient bottle
data to constrain a regression fit for a domain of this size, the
size of the domain was doubled. This was necessary for the
Oceanus cruises, on which no TCO, measurements were
made and for which the mapping onto the bottle and CTD
data relied on regression equations derived from data col-
lected from adjacent cruise tracks. A 5° x 5° area was used
for the Meteor 15 (19°S) cruise for which the data density
was relatively sparse.

In step 1, we first used multiple linear regression to
calculate the few missing nutrient data within the bottle data
sets. We subsequently estimated TCO, values for all of the
bottle samples for which there was no TCO, analysis. The
latter was achieved using regressions with the following
independent parameters: apparent oxygen utilization (AOU),
NO,, SiO,, salinity (S), and potential temperature 6. A

rationale for the choice of these predictor variables is given
by Brewer et al. [1995] and Wallace [1995]. Figure 2
presents a composite plot of the residuals for the TCO, data
derived from these regressions for one of the zonal sections
used in this study. The standard deviation of the residuals
from these fits for all TCO, data is 3 umol kg, with a
tendency for larger residuals within the upper 200 m (Figure
2) [cf. Brewer et al., 1995]. The now "complete” bottle data
set for TCO, was used in step 2 to interpolate the nutrients
and TCO, fields onto the CTD measurements. For every
CTD depth (2 dbar resolution), a regression with independent
variables AOU, S, @, and o, was performed using the bottle
data that were located within the local domain (as defined
above) centered on the particular CTD depth. Finally, the
local regression equations were applied to the CTD profile
data to estimate a TCO, concentration for each depth in the
CTD record. Using this three-step method, we attained an
effective TCO, data density of ~50 km horizontal resolution
along the cruise tracks and 2-10 dbar in the vertical (the
relatively slow response of the oxygen sensor likely reduces
the effective vertical resolution of the CTD-O, measure-
ments). A similar approach has been recently proposed by
Goyet and Davis {1997]; the principal difference is our use of
geographically localized regressions throughout the water
column.

3. Method

The method for calculating the CO, transport was similar
to that used previously for the calculation of heat and salt
transports and was based on techniques introduced by Bryan
[1962], Wunsch [1978], Roemmich [1980], etc. for the North
Atlantic. Closely related calculations using South Atlantic data
have been performed by Fu [1981], MacDonald [1993],
Holfort [1994], Saunders and King [1995] and J. Holfort et
al. (The heat transport in the South Atlantic Ocean, manu-
script in preparation, 1998; hereinafter referred to Holfort et
al., manuscript in preparation 1998). In particular, Holfort
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[1994] and Holfort et al. (manuscript in preparation, 1998)
presented calculations of heat and freshwater transports for
the same sections discussed here, together with a more
detailed discussion of the calculation procedures. It is worth
noting that the heat transports calculated from the sections
discussed here agree very well with those estimated by other
workers for similar latitude ranges. These have been summa-
rized and placed in a global and historical context by
MacDonald and Wunsch [1996].

We use the term inorganic carbon transport (7) for the net
transport of TCO, across an ocean section, that is,

Af O
T, = ffv.gs,m,.rcoz dxdz

Am-H

)

The T, was calculated by integrating the product of total
inorganic carbon (TCO,) with the in-situ density (o ;) and
the velocity (v) that is orthogonal to the section, from the
American (Am) to the African (Af) continent over the entire
water column (i.e., to the bottom depth, - H). Because we
had discrete station spacing, the integral was replaced with a
sum over station pairs. It was assumed that the ocean is in
geostrophic balance except for a directly wind-driven Ekman
velocity. Two alternative approaches to defining the velocity
field were used: a level-of-no-motion approach and an inverse
model approach.

3.1. Level-of-No-Motion Approach

For computational reasons associated with different
constraints used for the calculation of heat transport (which
assumes zero net mass transport across a section) and
salt/carbon/mass transport (in which a nonzero salt transport
constraint is invoked), the velocity field was broken down into
several components. This decomposition also facilitated
sensitivity studies that examined sources of uncertainty in the
inorganic carbon transport estimates. The velocity at any
location on a section was

v(x,2) = v/(x,2) +[vEK(x,z) —;.falfnp ]
3
o [7 M) - v s G)

where v'(x,z) is the "baroclinic" velocity which can be
calculated directly from the hydrographic data and is defined
so that for each station pair

0
fv’dz=0

-H

4

and v** is the Ekman layer velocity for each station pair,
which was assumed to be distributed evenly through the upper
50 m of the water column and to be zero below that. It was
calculated from Hellermann and Rosenstein's [1983] climato-
logical average wind stress data. The integrated Ekman
transport over the entire section was then mass compensated
by a spatially uniform, depth-independent velocity in order
that this component of the transport gave zero net mass
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transport across the section. The compensating velocity was
defined as

A0
EK
f f viKog ., dudz
Am-H
Af O

[ [esrr el
Am -H

—EK  _
rcomp

)

The depth-independent or "barotropic” velocity V2™ was
specified on the basis of an assumed level of no motion
(LNM). For the simplest LNM choice considered, the
"baroclinic" case, this barotropic component was specified to
be zero for each station pair (see (4)). However, we em-
ployed 34 additional approaches to specifying a level of no
motion [Holfort, 1994]. Briefly, these approaches included (1)
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Figure 2. The difference between the TCO, concentration as
measured on water samples collected during Meteor 15 (19°S)
and that predicted using the muitiple linear regression
approach described in the text for step 1 of the data interpola-
tion procedure. For this cruise, missing nutrient data were
first interpolated using a multiple linear regression using a
horizontal domain of 2°x 2°. The relatively sparse TCO, data
set for this cruise required a larger interpolation domain of 5°
x5°.
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use of a fixed horizontal pressure level for the entire section
(we used levels which were varied systematically every 400
dbar between the surface and 5200 m); (2) selection of certain
key isopycnals and isotherms; and (3) use of a geographically
variable level of no motion derived from a water mass
analysis. One particular specification of this type was used for
several subsequent calculations and is referred to as LNM-2.
Details concerning this specification are given by Holfort et
al. (manuscript in preparation,1998). The v field derived
from the level-of-no-motion choice was subsequently adjusted
in order that there be zero net mass transport across the entire
section arising from this component of the transport. This
"compensating" velocity was defined as

A O
ff GLNM.QS’T’P drdz
Ve = ©
[ [0szr et
Am-H

As with the Ekman transport mass compensation, this
adjustment velocity was distributed uniformly across the
entire section. Note that the barotropic mass transport
compensation required to satisfy the zero-net-mass transport
constraint could be quite large. However, when this was
distributed uniformly across an entire section, the large cross-
sectional area involved (section ~5000 km wide by ~5 km
deep) implied that the corresponding barotropic velocity
adjustments were too small to be directly measurable (of the
order of 0.001 m s™).

Finally, an extra, spatially uniform, barotropic velocity
component, v°, was specified in order to force the net salt
transport across the section to match the net transport of salt
which enters the Atlantic through the Bering Strait. Evapora-
tion, precipitation, and runoff, because they involve freshwa-
ter, have a negligible effect on the mass of salt contained
within the ocean (even though such processes alter the salinity
via dilution and concentration). Therefore, if a steady state
salt content of the Atlantic Ocean is being maintained, the
amount of salt which enters the Atlantic Ocean to the north
through the Bering Strait must be balanced by the same
amount of salt leaving the Atlantic to the south. Given a mass
transport of 0.8 x 10° kg s™' [Coachman and Aagaard, 1988]
and a mean salinity of 32.5, the salt transport through Bering
Strait is approximately 26.7 x 10° kg s!. This must be
balanced by the meridional salt transport across our zonal
sections in the South Atlantic. While the required component
of the barotropic transport is very important for the overall net
carbon transport across an ocean section (up to 1 x 10°kg s,
carrying up to 2000 kmol s™'; see below), it does not necessar-
ily contribute to a carbon transport divergence between
sections. As a result, it has often not been explicitly included
in prior calculations of the carbon transport. Some confusion
has arisen in the literature as a result of this distinction,
however (see section 7). This "extra" barotropic transport
component, which was assumed to be distributed uniformly
across an entire section, resulted in a net mass transport
across each of the sections. The associated veloc1ty, , was
calculated from

A0 A0

i [ [S.0grp dvdz = [ [v'.S.0gp, dvdz

Am-H Am-H
A 0

A

Am-H

k.s. Qgrp drdz

A 0
- wmz’ ffS Qsrp dxdz

Am -H (7)
Af O

+ [ [v™.S.05pp drde
Am-H

A0
- fi%ffSQSTdedz
Am-H

BS
- TS

where T% is the salt transport through the Bering Strait.

3.2. Inverse Model Approach

In order to reduce the uncertainties and avoid some
arbitrariness associated with the choice of a level of no
motion, we also developed an inverse model using additional
constraints to assist with the specification of the barotropic
velocity field. Note that with this approach, we solved for the
entire barotropic velocity for each station pair, and there was
no artificial division into the three distinct barotropic compo-
nents used with the level-of-no-motion approach. In the
inverse analysis, the constraints are used to set up a linear
equation system or "model" for the unknown velocities, and
the system was then solved using singular value decomposi-
tion. This method was used by Wunsch [1978] in the North
Atlantic, and calculations using South Atlantic data were
performed by Fu [1981], MacDonald [1993], Holfort [1994]
and Holfort et al. (manuscript in preparation, 1998). We
refer the reader to these publications for detailed descriptions
of the inverse method; a listing of the constraints that we
employed is given in the appendix.

In performing the inverse analysis, solutions based upon
many different models were explored; these different models
included different formulations for the weighting of the
additional constraints and data as well as the three separate
variants of a phosphate transport constraint (see appendix).
The sensitivity of the solutions to the initial specification of a
level of no motion was also explored. The goal of such an
approach is to find a set of solutions that is consistent with the
constraints and the data to within a specified stringency. An
exact solution to the imposed constraints is generally not
desired because the constraints are themselves not an exact
representation of the ocean's behavior and have uncertainties,
as do the data. At high matrix rank, which corresponds to a
stringent specification of the constraints, such errors and
uncertainties tend to be magnified, resultmg in unreasonably
high and variable barotropic velocities. At low matrix rank,
the solution will be out of the range of the uncertainty of the
data and/or constraints, and the solution therefore can be
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judged incorrect. Our goal was to find a set of solutions that
satisfied the constraints within reasonable error margins. It
should therefore be remembered that there is no unique or
"correct” solution, but there is rather a range of different
solutions that depend on the rank and the particulars of the
model including its initial state and factors such as the
weighting and scaling of the various equations and unknowns.

4. Results and Uncertainties
4.1. Overview of the Inorganic Carbon Transport

In order to set the context for subsequent discussion of
uncertainties in the carbon transport estimates, we first
summarize the results from our analysis of the data. Through-
out we use the convention that positive numbers refer to

northward transport. In the following, T refers to transport-

estimates (with T referring to carbon, and T, referring to
mass). C denotes the concentration of total dissolved inor-
ganic carbon. Superscripts are used to distinguish the different
components of the transport (see section 3): EK refers to the
mass-compensated Ekman component, BC the baroclinic
component, S refers to the net mass transport component
required to satisfy the salt transport constraint, and LNM
refers to the mass-compensated barotropic component
associated with the choice of a level of no motion. Angled
brackets (<) denote an averaged quantity. Carbon transports
are reported in kmol s* (1 Gt Cyr' =1 Pg Cyr' = 2642
kmol s).

The overall best estimate for the meridional inorganic
carbon transport (T, in the South Atlantic Ocean, between
11°S and 30°S, was of the order of -2150 kmol s (i.e.,
southward). This estimate, which was derived from the
inverse modeling approach, applies to T at the time of the
measurements: the early-to-middle 1990s. Using the level-of-
no-motion approach described in section 3, we can view the
T across each section as being carried by the four main mass
transport components listed above: T5¢, T5X, TX¥_ and T%,
Using the results of the analyses presented in Tables 2, 3, and
4, it is possible to distinguish their relative contributions to
T..

Table 2 indicates that at 11°S, there was a large southward
Ekman mass transport (75¥) per se within the upper 50 m of
the water column, carrying the TCO, concentration of this
upper layer (C%). The (southward) carbon transport in this
layer was therefore very large (-12 x 10° kg s x 2055 wmol
kg?') or 24,660 kmol s'. However this is offset by the
northward mass-compensating barotropic transport which
carries the higher concentration characteristic of the water
column average ( < C>). The compensating transport carried
(+12 x 10° kg s x 2196 umol kg*) or +26,352 kmol s
Hence the net carbon transport attributable to this component
(TZ) was directed northward at +1700 kmol s™.

Table 3 presents results calculated using the "baroclinic"
choice of LNM (see (4)). The (southward) T, of -1903 kmol
s at 11°S includes the contribution from TZX discussed in the
previous paragraph, as well as from T5. The latter carries
(-0.92 x 10° kg s x 2196 umol kg') or -2020 kmol s?!
(Tables 2 and 4). Hence the transport of carbon associated
with the baroclinic structure of the velocity field (T2) at 11°S
is (-1903 - 1700 +2020) or -1583 kmol 5. Use of a more

sophisticated LNM choice (LNM-2) gave a somewhat larger
value for T, of -2345 kmol s (Table 3). A difference
between this value and T, using the "baroclinic" choice of
LNM (Table 3) of -442 kmol s reflects a small additional
barotropic contribution to the net carbon transport (T5™).
Hence at 11°S, T, gC and T, 5" are both significant but can be
viewed as roughly balancing each other so that the net carbon
transport T is carried primarily by the net mass transport
across the section (7% ).

At 30°S, the Ekman mass transport is much smaller, and
TZ is a negligible +35 kmol s of inorganic carbon (north-
ward). At this latitude, the TS was (-0.53 x 10° kg s” x 2189
umol kg') or -1160 kmol s of inorganic carbon. The
baroclinic component, T gC, was therefore (-3758 - 35 +
1160) or -2633 kmol s™'. Use of the more sophisticated LNM
(LNM-2, Table 3) reduced the overall T, value to -2720 kmol
s reflecting an additional barotropic component (T&™) of
+1038 kmol s'. Hence at this latitude, the mass-compensated
Ekman (T2) and the combined barotropic (T2 + T2
contributions to the net carbon transport were both small so
that T, was dominated by the baroclinic circulation compo-
nent (Te0).

With this approximate breakdown in mind, we now
examine the uncertainty in the carbon transport which arises
from uncertainties in the specification of the different formal
components of the transport (mass-compensated Ekman,
baroclinic, net mass transport as well as the detailed specifica-
tion of the barotropic velocity field).

4.2. Ekman Transport

For the purpose of illustrating potential errors associated
with specification of the Ekman transport, we use the level-of-
no-motion approach which views the mass-compensating
transport as a zonally uniform barotropic mass transport (see
section 3). We note below that this approach may give a
worst-case view of the transport uncertainties compared to,
for example, the inverse model approach. The mass-compen-
sated Ekman component of the total carbon transport across
the section (T2 ) can be approximated by

TEX = T (<CF>-<C>) (8)

where <C> and < C¥> are average TCO, concentrations
of the entire section and the Ekman layer, respectively. (Note
that in our full calculations, we resolved C°¥ and TEX for each
station pair.)

Table 2 presents values for the variables in (8) for the six
sections used in this study. As noted earlier, the net Ekman
contribution is approximately +1700 kmol s at 11°S and
close to zero at 30°S. The concentration difference in (8)
remains at about 140 umol kg™ for all of the sections, and the
variation in T5 from one section to another is therefore
almost exclusively a function of the Ekman mass transport
(TEX | see Table 2).

There is considerable uncertainty concerning the magnitude
of TEX arising from uncertainties in wind stress data. For
comparison, the largest differences of mean zonal wind stress
in the North Atlantic between the data sets of Hellermann and
Rosenstein [1983] and Isemer and Hasse [1985] are of the
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Table 2. Values of the Mass-Compensated Ekman Mass Transport (T;,£%), the Mean TCO, Concentration for the Ekman
Layer (< C>£X) and the Entire Section (< C>), and the Net Carbon Transport Associated with the Mass-Compensated
Ekman Transport (T.Z%) for Sections at Various Latitudes.

Cruise Latitude, T~ <C>EK <C>, TEX,
deg S 10°kg's? umol kg! pmol kg! kmol s™!

Meteor 28 11 -11.8 2057 2196 +1672.
Oceanus 133 11 -12.0 2053 2196 +1744.
Meteor 15 19 -6.3 2071 2193 +785.
Oceanus 133 23 -3.8 2057 2188 +503.
SAVE Leg 3/4 25 -1.5 2047 2190 +231.
Meteor 22 30 0.4 2046 2189 +35.

Transports are positive northward.

Table 3. Sensitivity of Carbon Transport Estimates to Uncertainties in Ekman Transport and to the Spatial Resolution
of the Section Data.

Model Parameters Transports (Tc), kmol s
Choice of Level of Resolution
No Motion X m * adjust MeieloorSZS Meg;arsls Meg%zrs 22
Vertical Horizontal
Uncertainties in Ekman Transport
Baroclinic 50 - 1 1 -1903 -2741 -3758
Baroclinic 20 - 1 1 -1903 -2734 -3761
Baroclinic 100 - 1 1 -2045 -2793 -3762
Baroclinic 50 -0.2 1 1 -989 -2223 -3417
Baroclinic 50 +0.2 1 1 -2816 -3259 -4100
Baroclinic 50 SoC 1 1 -2594 -3026 -3793
Spatial Resolution of the Section Data
Baroclinic 50 - 1 1 -1903 2741 -3758
Baroclinic 50 - 1 05 -2034 -2862 -3805
LNM-2 50 - 1 1 -2345 -2317 -2720
LNM-2 50 - 1 0.5 -2423 -2562 -3162
LNM-2 50 - NODC 1 -2186 -2932 -2884
LNM-2 50 - NODC 05 2151 -2956 -3620
LNM-2 50 - Met25 1 -2545 -2865 -2838
LNM-2 50 - Met25 0.5 -2574 -3110 -3302
LNM-2 50 - Met25 0.33 -3030 -3642 3545

HE is the assumed depth of the Ekman layer; "t adjust" refers to adjustments (dynes cm?) to the Hellermann and Rosenstein [1983]
wind stress data; "SOC" refers to the altenative wind stress climatology from the Southampton Oceanography Center (see text);
horizontal resolutions of 0.5 and 0.33 refer to subsampling of sections using every second and every third station, respectively. Results
for three different vertical resolutions are presented: 1 (full 2 m resolution), NODC (standard bottle depths of the National
Oceanographic Data Center as of 1988), and Met25 (standard bottle depths used during the historic Meteor expeditions of 1925 and
1927).
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order of 30% (i.e., 0.3 dyn cm™ at 15°N). On the basis of the
North Atlantic comparison, we estimated the uncertainty in
T&¥ using an assumed error in wind stress of + 0.2 dyn cm™.
Examples of the sensitivity of the total carbon transport to
this uncertainty for three of the sections are presented in
Table 3. TZX is a function of the wind stress (t) and the
Coriolis parameter:

T = 2 9

Hence for a given uncertainty in wind stress (1), the
uncertainty in T, is much greater at 11°S (£50% or 900
kmol s}, Table 3) than at 30°S (+10% or 400 kmol s!, Table
3) as a result of the variation of the Coriolis parameter f with
latitude. Use of an alternative wind stress climatology from
the Southampton Oceanography Center [Josey et al., 1996;
(see also www.soc.soton.ac.uk/JRD/MET/fluxclimatology.
html) S. A. Josey et al., New insights into the ocean heat
budget closure problem from analysis of the SOC air-sea flux
climatology, submitted to Journal of Climate, 1998] gives a
southward inorganic carbon transport that is 691 kmol s
greater at 11°S, with the difference decreasing to 35 kmol s
at 30°S (Table 3).

It is worth noting that whereas carbon transports based on
the level-of-no-motion approach appear very sensitive to wind
stress data uncertainty, this may be an artifact of the simple
approach used to specify the compensating barotropic velocity
field. The sensitivity to variations of wind stress of the full
inverse model results was considerably smaller. For example,
at 11°S, the inverse model carbon transport varied by only
about 200-300 kmol s for the various wind stress scenarios
given in Table 3. The reason for the reduced sensitivity
presumably lies in the details of how the inverse model
distributes the transport required to mass compensate the
Ekman transport.

Another possible source of uncertainty is the choice of
Ekman layer depth (HX), which influences the value of
<C¥> in (3). Normally, we use the mean TCO, of the
upper 50 dbar of the water column as the TCO, concentration
for the Ekman flow; however, we also made calculations
using means of the upper 20 and 100 dbar to assess the
sensitivity of the carbon transport to this choice. The results
presented in Table 3 suggest that the overall uncertainty
associated with choosing different Ekman depths is small
(< 100 kmol s) because the change of < C> with varying
Ekman depth is small. Again, the effect is negligible at 30°S
due to the low Ekman mass transport at that latitude. Simi-
larly, the uncertainties associated with an uncertainty of about
5 pmol kg™ in the mapping of the TCO, values in the surface
layer (see Figure 2) are small.

The potentially large uncertainties associated with specify-
ing the Ekman transport imply that an important task for
improving transport calculations, not only for inorganic
carbon but also for heat, nutrients, etc., is to obtain better
estimates of the wind stress, particularly at low latitudes.

4.3. Seasonality

The sections were collected primarily during summer

months, and we used climatological average wind stress data
to estimate the Ekman transport. Our calculations therefore
implicitly ignore (or average) seasonal factors that might
affect the carbon transport. Using data collected at the
Bermuda Atlantic Time Series Site as an example, seasonal
changes of TCO, concentration of the order of 40 xmol kg™!
can occur in the oligotrophic ocean with this variability most
pronounced in the upper 50 m - 75 m of the water column
[Bates et al., 1996]. At 11°S, where the surface layer mass
transport is strongest (about 10 x 10° kg s™) due to strong
Ekman transport, variability of this magnitude could translate
into seasonal T variability of the order of 400 kmol s.
Variability at the higher-latitude sections would be smaller
than this because of the smaller Ekman contribution to the
transport. However, in this simple calculation we are ignoring
possible seasonal covariance of upper layer TCO, concentra-
tions with the Ekman transport as well as any time depend-
ence of the non-Ekman transport. Obviously, we have a lack
of data with which to reliably assess such seasonal effects,
and this will be an important issue for further data collection
and modeling studies.

4.4. Data Resolution

Accurate calculations of T from zonal sections require
very close station spacing, because sums over station pairs are
substituted for the integral in (2). We cannot directly estimate
the error associated with this substitution. However, with a
mean station spacing of ~50 km, generally closer at the
boundaries and wider in the ocean interior, the main scales of
motions should be resolved by our data (this was not neces-
sarily the case with some earlier studies; see section 7). In
order to provide an indication of the possible error, we
"artificially”’ subsampled three of the sections using every
second and every third station (resolution factors of 0.5 and
0.33, respectively). We also examined the effects of vertical
data resolution and combined vertical and horizontal resolu-
tion by subsampling the full section data at standard or
traditional bottle sampling depths. Two variants of standard
depths were used: the standard bottle depths used by the U.S.
National Oceanographic Data Center as of 1988 and the
standard depths employed on the historic Meteor cruises of
1925 and 1927. In all these reduced resolution cases, the
entire velocity field was recalculated based on the "artificial"
data set, and the property transports were recalculated.

The results are also presented in Table 3. The effect of
halved horizontal resolution appears to be relatively minor
(change in T of ~160 kmol s™), although a larger difference
at 30°S was observed using the LNM-2 model. The effect of
decreased vertical resolution also varied between sections,
with a particularly large effect (~600 kmol s™') being observed
at 19°S but with effects at the other sections being only 100-
200 kmol s'. In general, it can be seen that, depending on the
section, both horizontal and vertical data resolution changes
can affect the inorganic carbon transport estimates. Table 3
shows that the combined effect of decreased vertical and
horizontal resolutions can be quite significant, with changes
of 700-1300 kmol s’ (again dependent on the particular
section examined).
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4.5. Barotropic Component

A measure of the uncertainty in T, that can arise as a result
of uncertainty in the specification of the barotropic component
of the velocity can be obtained from exploring the sensitivity
of T, estimates to different choices of a level of no motion
(LNM). As described in section 3, we employed 35 different
LNM choices. Some of the choices resulted in meridional
overturning circulations that are incompatible with our
knowledge of the ocean circulation. We therefore defined the
circulation associated with a particular LNM choice to be
"valid" if the following criteria concerning the circulation of
major water masses were met: (1) the flow of Antarctic
Bottom Water (o, > 45.92) was northward; (2) lower North

Meteor 28; 11°S

Meteor 15; 19°S
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Atlantic Deep Water (g, >37.07 and o, < 45.92) flowed
southward; (3) the flow of upper North Atlantic Deep Water
(0, > 36.9 and 0, < 37.07) was at least 5 x 10° kg s to the
south; (4) the total transport of North Atlantic Deep Water
was less than 26 x 10° kg s'; and (5) the Antarctic Intermedi-
ate Water (26.8 < o, < 27.4) flowed northward.

The frequency distributions of T, estimates resulting from
the LNM choices that gave "valid" circulations are presented
for the different sections as solid bars in Figure 3; the open
bars represent transport estimates associated with LNM
choices that gave "invalid" circulations. The mean values of
T for the "valid" choices (Table 4) lie between ~2000 kmol
s and ~3500 kmol s™! to the south, and the median values do
not differ very much from these mean values. The standard

Meteor 22; 30°S
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Figure 3. Frequency distributions of the T (in kmol s on the x axis) for the six different zonal sections based on the level-of-
no-motion approach. Solid bars represent "valid" choices of a level of no motion; open bars represent levels of no motion that
resulted in an "invalid" circulation (see text for details). For these solutions, any difference between the salt transport across
the section required to balance the salt transport through Bering Strait and the calculated salt transport based upon a choice of
a level of no motion has been compensated for by an additional, horizontally uniform, barotropic velocity.
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deviations range between 200 and 650 kmol s with the total
range (maximum-minimum) for an individual section being
~1600 kmol s™. Hence specification of a level of no motion
can be a very significant source of uncertainty for the T
estimates.

It was in order to reduce this uncertainty that we developed
the inverse model analysis described in section 3. Solutions
based upon many different inverse models were explored, and
the sensitivity of the solutions to the initial specification of a
level of no motion was also explored. A fairly consistent
picture emerged: At low matrix rank, the solutions were still
influenced significantly by the particular choice of initial
LNM; however, at ranks of >80 this influence largely
disappeared. At ranks >200, the exact nature of the con-
straints became important, and the effects of model and data
uncertainties were amplified so that solutions for different
models diverged significantly. There was a relatively stable
region of carbon transport versus rank in the range 135 <
rank < 165. We chose this range of solutions as the basis for
the transport estimates presented in Table 4. This table
presents mean transports from the inverse analysis together
with estimates of the standard deviation across multiple model
formulations for this range of ranks.

In general, the transports across the various sections
derived from the inverse model approach are lower than the
mean values derived from the level-of-no-motion approach,
particularly toward the south. Examination of the solutions
suggested that for the southernmost sections, it was the
phosphate transport constraint that was a principal reason for
the reduced transport estimate relative to those derived using
the level-of-no-motion approach. The inorganic carbon
transport was quasi-linearly related to the phosphate transport
with a slope (AT / ATy, of 110-170, where Tp,, is the
phosphate transport. Overall, however, the uncertainty
associated with the barotropic velocity specification was
reduced through use of the inverse model to ~200 kmol s™' for
an individual section, and there was also reduced variability
between the means for the individual sections.

4.6. Net Mass and Salt Transport

In order to satisfy the constraint of a total southward salt
transport of 26.7 x 10° kg s through the sections, our
calculations require a net southward meridional mass trans-
port of -0.96 x 10° kg s at 11°S, decreasing to -0.53 x 10°
kg s at30°S (see Table 4). The freshwater balance (evapo-
ration, precipitation, and runoff) inferred from this estimate
of the convergence of the mass transport agrees very well
with the completely independent estimate of net freshwater
fluxes for this latitude range (0.42 x 10° kg s') by
Baumgartner and Reichel [1975]. As noted earlier, assigning
this net mass transport to a zonally uniform barotropic flow
gives an associated inorganic carbon transport of about -2000
kmol s at 11°S and -1160 kmol s at 30°S due to this
component of the transport alone.

The uncertainty of the T due to most of the sources of
uncertainty in this net mass transport is already incorporated
in the ranges of solutions presented in Table 4. These did not,
however, consider the uncertainty in the specification of the
salt transport through Bering Strait (and therefore through the
South Atlantic sections). An uncertainty of 0.2 x 10° kg s or

Table 4. Mean Values for Mass Transport, Inorganic Carbon Transport (T ), Anthropogenic Carbon Transport (Ant T,), the Preindustrial Inorganic Carbon Transport

(Prelnd T,.), and Dissolved Oxygen for Several Sections and Derived from Approximately 52 Separate Inverse Models per Section.

LNM

Inverse Model Results

Latitude,
deg S

Cruise

Oxygen Tc

Preind T,

Ant T,

Tc

Heat

Mass

-1867 (758)

-658 (237)

-2547 (213) 425 (717) 2972 (226)

0.46 (0.09)

-0.93 (0.02)

11

Meteor 28

-3099 (350)

-1696 (274)

-2595 (282)

-1884 (272) 711 (77)

0.52 (0.09)

-0.99 (0.02)

11

Oceanus 133

-2340 (365)

-1060 (178)

-3082 (223)

502 (64)

-2580 (214)

0.60 (0.07)

-0.86 (0.02)

19

Meteor 15

-2213 (196)

-493 (148)

2345 219)

-2023 (205) 322 (76)

0.32 (0.07)

-0.66 (0.02)

23

Oceanus 133

-3472 (343)

-429 (148)

-1949 (211) 338 (92) -2287 (230)

0.33 (0.08)

-0.59 (0.04)

25

SAVE 3+4

-2982 (303)

-2245 (250) -40 (145)

-1954 (241) 291 (65)

0.27 (0.07)

-0.53 (0.03)
Each inverse model was initialized with the LNM-2 level of no motion (see text). The mass transports are in (10°kg s™), the heat transport is in units of (10'* W), all the carbon transports

are in (kmol s™), and negative transports denote transport toward the south. Averages reflect model transports for ranks of 135 to 165 us

in parentheses refls

30

Meteor 22

, for comparison, the inorganic carbon

ing a variety of model formulations. Numbers

; the results are the means and standard deviations resulting from the "valid" choices of level of no motion (see text).

ect the standard deviation of the model transports from these various model solutions. The final column labeled "LNM" presents

transports derived using the level-of-no-motion approach
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25% in the mass transport through Bering Strait results in an
uncertainty of 6.5 x 10° kg s in the salt transport which
translates into an associated additional uncertainty of ~400
kmol s for T in the South Atlantic. (Note that such an error
would be systematic across all South Atlantic sections and
therefore would not affect carbon transport divergence

estimates; see section 7.)

4.7. Structure of the Transport

The quasi-vertical structure of the section-wide transports
of mass, silicate, and TCO, for the Mefeor 22 cruise along
30°S are presented for one typical realization of the inverse
analysis in Figures 4a - 4c). Note that at this latitude, the
Ekman transport is small and is included in the uppermost
density layer. In these plots, the total net transport is plotted

Mass Transport (10% kg s°1)

as a function of the 19 separate density intervals used in the
inverse model. The corresponding density intervals are listed
in the Figure 4 caption, and their depth distributions are
shown in section plots (Figure 5). A three-layer system is
evident in the mass transport distribution, with predominantly
northward transport in the lower density layers (¢, < 32.00)
which include the Antarctic Intermediate Water, southward
transport in the middensity layers (o, > 32.00 and o0, <
41.53) which include the North Atlantic Deep Water, and
northward transport in the highest-density layers (o, > 41.53)
which include the lower Circumpolar Deep Water and
Antarctic Bottom Water.

The carbon transport (Figure 4c) appears qualitatively very
similar indicating that the overall details and magnitude of the
inorganic carbon transport are controlled to first order by

Silicate Transport (kmol s'1)
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Figure 4. Vertical structure of the transport of (a) mass, (b) silicate, (c) TCO, and (d) anthropogenic CO, at.30°S (Meteor 22)
as derived from a typical inverse model solution. Northward transport is positive. The vertical axis gives the density layer
number from the inverse model. The locations of the layers are shown in section plots in Figure 5 and were defined as follows:
1, 0, < 26.60; 2, 26.60 < g, < 26.80; 3, 26.80 < g, < 27.00; 4, 27.00 < g, < 27.20; 5, 27.20 < 0, and 0, < 32.00;
6,32.00 < 0, < 32.16; 7, 32.16 < 0, and 0, < 36.82; 8, 36.82 < 0, < 36.92; 9,36.92 < ¢, < 36.97; 10, 36.97 < o,
< 37.00; 11, 37.00 < 0, < 37.02; 12, 37.02 < 0, < 37.04; 13, 37.04 < 0, and 0; < 41.50; 14, 41.50 < 0, < 41.53;
15, 41.53 < 0, and 0, < 45.93; 16, 45.93 < 0, < 45.96; 17, 45.96 < 0, < 46.00; 18, 46.00 < 0, < 46.02; and 19, o,

> 46.02
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Figure 5. Distribution of the 19 layers used for the inverse model analysis in four of the sections used for this study. (a)
Oceanus 133 at 11°S; (b) Meteor 28 (WOCE A8) at 11°S; (c) Meteor 15 (WOCE A9) at 19°S; (d) Meteor 22 (WOCE A10)
at 30°S. In all cases, the layer number was assigned sequentially from surface to deep according to the density criteria listed

in the caption to Figure 4.

variability in the mass transport and that concentration
variability plays a smaller role. Conversely, the influence of
vertical concentration variability is very evident in the case of
the silicate transport (Figure 4b), where the effect of silicate
depletion in low-density layers and very high silicate concen-
trations in the highest-density layer can be seen to affect the
overall pattern of the transport strongly.

As with the vertical structure, the horizontal structure of
the inorganic carbon transport is dependent on the mass
transport distribution. The horizontal mass transport derived
from the inverse model analysis is a complex subject well
beyond the scope of this paper: it is covered in detail by
Holfort [1994] and Holfort et al. (manuscript in preparation,
1998). However, the inferred circulation pattern was found to
be broadly similar to that of Reid [1989], although some
differences were also evident. At the western boundary, the
southward flowing Brasil Current at 30°S (the southern
boundary of the inverse model domain) was prescribed to
have a transport of 10 x 10° kg s (based on direct current
measurements). At 11°S (our northern boundary), the mass

transport showed a strong, northward flowing subsurface
current which corresponds well with the combined acoustic
doppler current profiler / CTD observations of Schort et al.
[1995]. The solution also revealed a southward flow of
Antarctic Intermediate Water along the western boundary at
30°S, as observed from moorings and float studies [Boebel et
al., 1997].

5. Anthropogenic CO, and the Preindustrial
Transport

The estimates of T, presented above are appropriate for the
period of time during which our TCO, measurements were
made, the early 1990s. However the concentration of dis-
solved inorganic carbon in the ocean is increasing with time
as a result of the uptake of anthropogenic CO, derived from
land use changes and fossil fuel burning. The near-surface
concentration of TCO, at this latitude range has increased by
~55 umol kg since preindustrial times in response to the
increase in atmospheric (and near-surface ocean) pCO, from
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~275-280 patm in 1700 [Neftel et al., 1985] to ~355-358
patm for the time of the WOCE surveys [Conway et al.,
1994]. It is worth considering what the oceanic transport of
inorganic carbon within our study region would have been
during preindustrial times. In doing this, we implicitly assume
that ocean circulation patterns and rates have not changed
significantly since 1750. (We note that observations of long-
term changes of water properties at various locations in the
ocean associated with changing atmospheric forcing [e.g.,
Dickson et al., 1997] may prove difficult to reconcile with
this assumption.)

In order to estimate 7, for the period prior to the introduc-
tion of anthropogenic CO, (i.e., prior to about 1750), we first
estimated the anthropogenic CO, content of our TCO, data.
We used a variant of calculation procedures, based upon
preformed CO,, which were introduced by Brewer [1978] and
Chen and Millero [1979] and included the contribution of
nitrate remineralization to alkalinity changes [e.g., Brewer
and Goldman, 1976]. It is beyond the scope of this paper to
discuss the calculation procedure in detail; however, it shared
several similarities with an approach employing transient
tracer data developed by Gruber et al. [1996]. The estima-
tion of the anthropogenic CO, concentration does not contrib-
ute greatly to the overall uncertainty of either the anthropo-
genic or preindustrial carbon transports relative to uncertain-
ties associated with the circulation and mass transports.

The average depth profile of anthropogenic CO, for each
of the sections is presented in Figure 6. Very noticeable in all
of the profiles is a relatively high and uniform anthropogenic
CO, concentration in the Antarctic Intermediate Water
between depths of 500 m and 1000 m. Overall, the anthropo-
genic CO, concentrations in the water column are highest
toward the south, closer to the origin of the Antarctic Inter-
mediate Water [cf. Brewer, 1978]. Our analysis gives a small
average background level of anthropogenic CO, of 3-5 xmol
kg! throughout the water column in each section. This
nonzero background is consistent with the detection of
significant levels of the anthropogenic halocarbon CCl,
throughout the water column in the Brazil Basin and even in
portions of the deep Angola Basin [Wallace et al., 1994,
Roether and Putzka, 1996]. Carbon tetrachloride has been
present in the environment in significant quantities since
1920-1930 at which time the anthropogenic CO, content of
the cold surface seawater which ventilates the deep ocean was
already 12-14 pmol kg'. The anthropogenic CO,, having
been introduced since about1750, may have penetrated farther
into the deep ocean than CCl, and considerably farther than
the CFCs and bomb tracers such as *H and “C. Hence the
finding of CCl, throughout most of the low- to middle-latitude
South Atlantic basins suggests that no portion of the Atlantic
Ocean can safely be assumed to be "free" of anthropogenic
CO, contamination.

The anthropogenic CO, distributions from the section data
were combined with the mass transport calculations in order
to calculate the transport of anthropogenic CO,. The resulting
transport of anthropogenic CO, was consistently northward,
with a value which ranged between 400 and 700 kmot s at
11°S and was 300 kmol s at 30°S. The anthropogenic
carbon transports presented in Table 4 imply that the south-
ward inorganic carbon transport T was ~430 kmol s greater
across 20°S during preindustrial times than it was during the
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early 1990s. The transport of anthropogenic CO, to the north
arises because it is the upper ocean waters within this latitude
range that contain most of the anthropogenic CO, , and these
are moving predominantly northward (Figure 5d). Con-
versely, the southward return flow of "older" deeper water
contains a much lower concentration of anthropogenic CO,.

This supply of anthropogenic CO, to the northern and
tropical Atlantic Ocean which is carried by the ocean’s
meridional overturning circulation is quantitatively significant
relative to the uptake of anthropogenic CO, across the air-sea
interface within the North Atlantic. For example, Sarmiento
et al. [1995] reported a model-derived estimate of the uptake
of anthropogenic CO, due to air-sea gas exchange within the
northern Atlantic (18°S - 78°N) of ~1000 kmol s’. Our
estimate of the transport of this property northward across
20°S within the ocean approaches 50% of this value. We will
discuss the importance of this meridional transport for the
overall budget of anthropogenic CO, within the North Atlantic
elsewhere.

Subtraction of the anthropogenic carbon transport from T,
allows estimation of the inorganic carbon transport during
preindustrial times (Table 4). The transport across 10°S was
about 2900 kmol s (i.e., to the south), which can be
compared with the estimated preindustrial transport into the
Atlantic via the Bering Strait of about 1630 kmol s
[Lundberg and Haugan, 1996]. There therefore appears to
have been a preindustrial (natural) divergence of the inorganic

Anthropogenic CO2 (umol kg™!)
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Figure 6. Average depth profile of anthropogenic CO, for
the sections used during this study. Each profile represents the
average profile for an entire section. (Note that most individ-
ual profiles had bottom depths shallower than 6000 m.)
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carbon transport between Bering Strait and 10°S of the order
of 1300 kmol s, which was likely balanced by net air-to-sea
transfer of CO, and riverine additions of inorganic carbon
within the North Atlantic and Arctic Oceans (see Figure 7c).
The potential role of organic carbon transports must also be
considered in assessing this large-scale divergence [Sarmiento
et al., 1995].
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6. Regional Carbon Budget (10°S - 30°S)

The carbon transport versus latitude data of Table 4 can be
used to examine the regional inorganic carbon budget. Figure
7 summarizes the following discussion schematically for the
contemporary, 1990s TCO, budget (Figure 7a), the anthropo-

Brewer et al. [1989]
Broecker and Peng

[1992]
Keeling and Peng

[1995]

Martel and Wunsch

Paper
[1993]

Table 5. S

hydrography, and circulation model

did not resolve Canadian Archipelago and
English Channel transports

used direct current measurements,

yes
yes
yes

yes
yes

no

(from MLR)
25-50 km
(from MLR)

25-50 km

(from MLR)

50-200 m

(from MLR)
The columns labeled "Bermg Strait?" and "(E-P)?" refer to whether the calculations included adjustment of the mass transport across ocean sections in order to balance the salt transpert

averages
11 layer
2-10 m

25-50 km
25-50 km

1°x1°

11 layers
50-200 m
2-10 m-

This work

Stoll et al.

[1996]

via Bering Strait and/or the freshwater transport which 1s affected by runoff, evaporation (E), and precipitation (P) Barotropic velocities required to satisfy such constraints can carry

sigmificant carbon transports (see text) MLR 1s mixed-layer resolution
* Whereas Keeling and Peng [1992] did account for the contribution of water flowing through the Bering Strait to the PO, balance of the North Atlantic, they chose not to incorporate this

transport component in their calculation of the cross-equatorial CO, transport
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genic CO, budget (Figure 7b), and the preindustrial TCO,
budget (Figure 7c).

A regression of T, versus latitude (Figure 82) indicates that
the contemporary (i.e., 1990s) inorganic carbon transport
decreased by 16.7 (+19) kmol s per degree toward the
south, implying a very slight convergence of 330 (+380)
kmol s between 10°S and 30°S (uncertainties are standard
errors). Any contemporary convergence of inorganic carbon
can be balanced by a sea-to-air flux of CO,, net production of
organic carbon, net dissolution of solid carbonates, and net
storage of anthropogenic CO,. (The regional river discharge
as given by Perry et al. [1996] is <107 kg s™' which would
carry a negligible inorganic carbon transport of <10 kmol
s’.) The magnitude of the anthropogenic carbon storage term
can be estimated from the observed mean penetration depth
(MPD) [Broecker et al., 1979] for anthropogenic CO,, which
is defined as:

MPD = fc’dz

(10)

mi

where C,,;and C, are the concentrations of anthropogenic CO,
in the mixed layer and at depth z, respectively. Using the
ensemble of individual anthropogenic CO, profiles from each
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section, we estimated the MPD for anthropogenic CO, to be
770 m for the region between 10°S and 30°S. The uncer-
tainty of this estimate may be of the order of 20% [cf. Gruber
et al., 1996]. Gammon et al. [1982] have shown that the
vertical profile and MPD of a conservative tracer with a sea-
surface concentration that is increasing exponentially with e-
folding time of ¢ years reaches a "transient steady state” after
(3 x t) years [Gammon et al., 1982]. Anthropogenic CO,,
which has been increasing exponentially since at least the
mid-1800s with # = ~30 years, should by now have achieved
transient steady state. Hence the storage or the inventory
change of anthropogenic CO, during the 1990s can be
estimated directly from the change in the mixed-layer concen-
tration of anthropogenic CO, via (10). For the early 1990s,
the surface concentration of anthropogenic CO, would have
increased by 0.7 to 0.8 xmol kg yr' in order to keep pace
with the atmospheric pCO, increase of about 1.2 watm yr.
This gives an average local storage rate of 0.59 (+20%) mol
m? yr! or 240 (+49) kmol s when integrated over the entire
Atlantic Ocean surface area between 10°S and 30°S (12.8 x .
102 m?).

This estimate, which is based on the framework of a
vertical diffusion-advection model [Gammon et al., 1982],
can be tested against the directly observed buildup of
anthropogenic CO, between the Geochemical Ocean Sections

Latitude (South) Latitude (South)
10 15 20 25 30 10 15 20 25 30
i 1 i 1 1 | i i | |
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Figure 8. Mean transport versus latitude plots, with regression lines and 95% confidence intervals, based on the results
presented in Table 4. Separate plots are presented for the following parameters: (a) the contemporary (1990s) inorganic carbon
transport, (b) the anthropogenic carbon transport, (c) the preindustrial inorganic carbon transport and (d) the dissolved oxygen
transport. Note that the transport axis for each plot covers a total range of 2500 kmol s™ and that the convention used is such

that a negative transport denotes transport southward.
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Study expedition of the mid-1970s and the WOCE expeditions
of the 1990s. Wallace et al. [1996] conducted such an
analysis for the western basin of the South Atlantic (5° - 35°8S,
west of 20°W) using a multivariate, time series analysis
technique to compare the TCO, data collected during the two
sampling periods. (Note that our data suggest that this more
localized region has a mean penetration depth that is indistin-
guishable from the 10° - 30°S average.) On the basis of this
empirical approach, the inventory change over 20 years is
estimated to be 11.1 mol m? which gives a storage rate of
0.56 mol m™ , identical to the one-dimensional model-derived
estimate derived above.
The very slight convergence of inorganic carbon between
10°S and 30°S of 330 (+380) kmol s in the contemporary
ocean is therefore similar in magnitude to this anthropogenic
carbon storage term. Further, the difference (90 1380 kmol
s'!) between the contemporary inorganic carbon convergence
and the anthropogenic carbon storage is reasonably consistent
with a completely independent estimate of the net annual sea-
to-air flux for this region of 264 kmol s derived from surface
pCO, data [Takahashi et al., 1997}. The uncertainty of the
latter estimate could be as high as 75%. This correspondence
suggests that any additional net sources and sinks of inorganic
carbon in this region, such as the local net production/respi-
ration of organic carbon or dissolution of calcium carbonate,
are not significantly different than zero (174 + 400 kmol s).
Figure 8b and Table 4 show that during the 1990s there
was a significant (p = 0.05) divergence of the anthropogenic
CO, transport between 10°S and 30°S amounting to ~320
(+128) kmol s'. An air-to-sea flux of anthropogenic CO, of
560 (+137) kmol s’ would be required to balance the
combined anthropogenic carbon storage and transport
divergence terms, assuming no additional sources or sinks. In
other words, the regional sea-to-air flux of CO, during the
1990s was approximately 560 kmol s smaller than the
corresponding sea-to-air flux of the preindustrial era.
Subtraction of the anthropogenic carbon transport from the
contemporary transport implies a statistically significant (p =
0.1) local convergence of T between 11°S and 30°S for the
preindustrial era (Table 4 and Figure 8c). During this period,
we assume that the overall inorganic carbon inventory was in
steady state (zero storage term), and if the biological produc-
tivity of the region was comparable to that of the contempo-
rary ocean, the convergence would have been balanced by a
" considerable net sea-to-air flux of CO,. The average preindus-
trial inorganic carbon convergence (32.6 +17 kmol s per
degree of latitude) implies a total convergence of 650 (+340)
kmol s’ between 10°S and 30°S. Alternatively, taking
Takahashi et al.’s [1997] estimate of 264 (+198) kmol s for
the contemporary sea-to-air flux of CO, (see above) and
adding 560 (£ 137) kmol s to compensate for the air-to-sea
transfer of anthropogenic CO, implies a preindustrial sea-to-
air CO, flux of 824 (+ 240) kmol s™'. Once again, this is
closely comparable to the preindustrial inorganic carbon
convergence suggesting that local net production/respiration
of organic carbon or dissolution of calcium carbonate was
relatively small compared to the preindustrial sea-to-air flux.
Keeling and Peng [1995] have shown that the joint inter-
pretation of meridional transports of both O, and CO, can
distinguish the physical versus biological mechanisms respon-
sible for the fluxes of these gases. As they point out, biologi-
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cally driven fluxes of O, and CO, have opposite signs,
whereas fluxes driven by thermal processes operate in the
same direction. In this regard, our estimates of the meridional
oxygen transport (Table 4 and Figure 8d) indicate conver-
gence of the net southward O, transport, which we assume

from direct transport estimates. In addition, the possible
effects of seasonality on the convergence estimates require
further examination.

7. Previous CO, Transport Estimates

There have been several earlier published attempts to
estimate the meridional transport of inorganic carbon in the
Atlantic Ocean. These used several different data sets,
assumptions, and calculation procedures and are summarized
inTable 5. A very important distinction between our transport
estimates and many found in the earlier literature is our
explicit incorporation of the net meridional mass transports
required to satisfy salt and freshwater balances. Stoll et al.
[1996] noted the significance of the CO, transport contribu-
tion which arises from net meridional mass transport through
Bering Strait. They also noted that changes in the mass
transport as a function of latitude, resulting from freshwater
addition or removal, drive a significant meridional carbon
transport divergence.

Following Lundberg and Haugan [1996] and Stoll et al.
[1996], we have explicitly included this net mass transport in
our estimates of the meridional CO, transport. This contribu-
tion was not, however, included in the CO, transport esti-
mates given by Brewer et al. [1989] and Broecker and Peng
[1992]. It was also not incorporated in transport estimates
reported in preliminary meeting abstracts by Holfort et al.
[1994] and Robbins [1994]. The latter was cited by Sarmiento
et al. [1995] in their estimation of the inorganic carbon
transport divergence between Bering Strait and the South
Atlantic. Martel and Wunsch [1993] accounted for runoff,
evaporation, and precipitation within their model domain
(12°-60°N in the Atlantic Ocean) but apparently chose not to
include the salt and mass transport through their model
domain arising from the Bering Strait flow and runoff north
of 60°N. Keeling and Peng [1995] accounted for the Bering
Strait contribution to the North Atlantic phosphate balance but
chose not to include its contribution to the total mass transport
when calculating the inorganic carbon transport across the
equator. Carbon cycle model simulations [e.g., Sarmiento et
al., 1995] do not always resolve this contribution because the
transport through the Bering Strait is not always resolved.

To some extent, the choice of whether to include or ignore
this contribution to the net carbon transport is a matter of
philosophy and is contingent on the specific questions being
asked of the transport estimates. One of the major reasons for
examining carbon transport divergences is to obtain estimates
of the regional distribution of the net air-sea flux of carbon
(and oxygen). With this specific goal in mind, it is justifiable
to ignore the inorganic carbon transport which is tied to the
net salt transport across sections. This component of the
inorganic carbon transport, while large, can be viewed as
constant across all Atlantic sections and therefore does not
affect or reflect the air-sea flux of CO, or O,. However, if
direct comparisons are made with the net transport of inor-
ganic carbon through the Bering Strait, such as were made by
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Sarmiento et al. [1995], then it is essential that the contribu-
should not have changed since the preindustrial era. The
observation that the transport of both gases in the preindustrial
ocean was convergent is qualitatively consistent with a
thermal forcing mechanism driving the efflux of both O, and
CO, across the air-sea interface in this region.

Our heat transport calculations (Table 4) indicate signifi-
cant (p < 0.1) divergence of the northward heat transport
between 10°S and 30°S averaging 0.012 (£ 0.006) x 10° W
per degree of latitude, implying addition of heat to the water
column. Watson et al. [1995] have estimated the maximum
air-sea CO, flux driven by the heat transport of the North
Atlantic ocean to be ~0.75 Gt C yr*! or ~2000 kmol s of
CO, uptake for each petawatt (10> W) of northward heat
transport. Applying their scaling to our observed divergence
of the northward heat transport between 10°S and 30°S
(Table 4) gives a maximum thermally driven CO, sea-to-air
flux of (2000 x 20 x 0.012) or 480 (+ 240) kmol s!, which
is quite consistent with the observed preindustrial inorganic
carbon convergence and estimated preindustrial sea-to-air flux
of CO, (see above). A similar calculation for dissolved
oXygen gives a maximum sea-to-air O, flux of ~1500 kmol s™*
PW-! of heat transport divergence, which implies a maximum
thermally driven sea-to-air O, flux of (1500 x 20 x 0.012) or
360 (+ 180) kmol s for the same latitude range. The
observed convergence of oxygen, however, was 1180 (4:-460)
kmol 5! between 10°S and 30°S.

Hence the observed convergence of both gases is qualita-
tively consistent with the sign of the observed heat transport
divergence. In the case of CO,, the magnitude of the conver-
gence is also quantitatively consistent with the maximum that
would be predicted theoretically from the observed heat flux
divergence, whereas for dissolved oxygen the observed
convergence is 2-3 times the theoretical prediction. Given that
air-sea equilibration of O, is an order of magnitude more
rapid than that of CO,, it is perhaps not surprising that gas
exchange would create a stronger convergence signal for O,
than for CO,. However, an observed oxygen convergence
larger than that predicted on the basis of the observed heat
flux divergence is harder to explain except as the result of (1)
uncertainty in the various transport and convergence estimates
themselves (note the large error bars for the convergence
estimates and, particularly, the possible influence of seasonal-
ity of the transports, section 4.3); (2) violation of the assump-
tion of no storage for dissolved oxygen; or (3) an "extra"
contribution to a predominantly thermally driven convergence
arising from some biological mechanism (e.g., a divergence
of the organic carbon transport).

On balance, the qualitative picture is consistent with
independent estimates of the air-sea CO, flux, and the overall
budget for preindustrial carbon suggests a relatively minor
role for biologically driven convergence/divergence in this
particular region. However, it should be clear from the above
that measurements of the total organic carbon concentration
of seawater, which were unfortunately not available for the
sections used in this study, would provide independent
congtraints on the air-sea CO, exchange scenarios inferred
tion of this component of the transport be included in the
transport estimates at all latitudes.

Of potentially more significance is the effect of net
freshwater addition or removal via runoff or evaporation and

precipitation, which can significantly affect the divergence of
the net meridional mass transport [Stoll et al., 1996] and
which must be accounted for when estimating carbon trans-
port divergences. As noted by Stoll et al. [1996], the pioneer-
ing analysis by Brewer et al. [1989] was based on an assump-
tion of zero net meridional mass transport and therefore did
not include this effect.

. Contrary to a statement by Stoll et al. [1996], the CO,
transport estimates of Broecker and Peng [1992] and Keeling
and Peng [1995] do implicitly correct for this effect by
normalizing the observed inorganic carbon concentrations to
constant salinity. Through this normalization, the addition of
variable levels of freshwater to different water masses (and
hence dilution of inorganic carbon) is compensated for. In
principle, this correction should serve the same purpose as
keeping track of the freshwater transport divergence; how-
ever, in practice, the efficacy of this "normalization" ap-
proach has not been independently verified. That is, as it was
applied, did the salinity normalization reflect a reasonable
freshwater transport distribution? In contrast, we have chosen
to explicitly consider the salt, freshwater, and carbon trans-
ports rather than calculating the transport of salinity-normal-
ized quantities. Using a measurement-based salt transport
constraint, estimated baroclinic, Ekman, and barotropic
transports, and the observed salinity distribution, we were
able to directly estimate the freshwater transport divergence.
This was consistent with independent estimates of this
quantity [Baumgartner and Reichel, 1975] (see section 4.4)
thereby increasing our confidence that the freshwater trans-
port divergence is being correctly represented when estimat-
ing the inorganic carbon transport divergence.

This discussion emphasizes the wide variety of approaches
and philosophies that have been promulgated in order to
calculate carbon transports. Not surprisingly, this variety has
led to confusions of interpretation and a risk of comparing
unlike transport estimates. It is therefore important to
reiterate that we have reported the total net transport of
inorganic carbon across the South Atlantic sections. These
estimates incorporate the carbon transport associated with a
net mass flow through a section which is required to balance
the salt input through Bering Strait. They therefore also
reflect the meridionally varying mass transport which is
associated with freshwater addition and removal.

Table 5 highlights some other ways in which our approach
to calculating inorganic carbon transport differs from prior
estimates. Notably, our estimate is based on a very large,
high-quality data set, including four sections of TCO, data
which have been interpolated onto the CTD data using
multiple regression. Many of the earlier estimates were based
on limited data sets, often relying on bulk average concentra-
tions for different water masses or layers. Several analyses
have relied on bulk overturning calculations in which the net
mass flux in an upper layer and a deep layer are multiplied by
zonally averaged property concentrations for the respective
layers. The potential risks associated with estimates that are
based on smoothed fields are discussed in detail by Rintoul
and Wunsch [1991], who found that accurate estimates of
nutrient transports can require very detailed estimates of the
circulation and property fields.

We examined the difference between the T, calculated
using our full inverse model solutions and that derived from
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a zonally averaged estimate of the transport for the Meteor 28
(11°S) and Meteor 22 (30°S) sections. For the zonally
averaged T, we calculated the sum, over all 19 vertical
layers in the model, of the product of a layer-average net
mass transport and a layer-average TCO, concentration. At
30°S, the zonally averaged solution was only 100-250 kmol
s' (10%) different from the full model solution. However, at
11°8 the zonally averaged solution was almost 1000 kmol s
or 50% lower than the full solution. Inspection of the solu-
tions suggested that the large difference at 11°S was the result
of a strong western boundary subsurface current in the depth
range 50-800 m at that latitude [cf. Schott et al., 1995]
coupled with a large difference in TCO, concentration
between the western and eastern boundaries.

We also compared the T, derived from the full inverse
model solutions with that derived from a two-layer zonally
averaged overturning calculation similar to that used by
Broecker and Peng [1992] and Keeling and Peng [1995]. We
defined the upper layer as 0, <36.8 and defined the lower
layer as 0, > 36.8. The magnitude of the overturning
circulation implied by these calculations ranged from 11 to 14
x 10° kg s, which is close to that assumed by Keeling and
Peng [1995] but much lower than the 20 x 10° kg s™! assumed
by Broecker and Peng [1992]. As with the zonally averaged
solution discussed above, at 30°S the simple overturning
calculation gave transports which were only 200-300 kmol 5™
(10-15%) lower than the full model solution. However, at
11°8 the overturning calculation gave a transport which was
700-900 kmol s or ~40% lower than that derived using the
full model. Obviously, caution must be exercised when
attempting to estimate the transport of inorganic carbon;
under certain circumstances it appears that simple averaging
of the velocity and concentration fields can provide accurate
carbon transports. However, in other circumstances such
simplified calculations may be subject to large errors.

Our analysis shares many similarities with the work of Stoll
et al. [1996], who estimated the CO, transport across a single
section between Greenland and Ireland. Our analysis benefits
from having been able to sample the boundary currents,
whereas ice precluded Stoll et al. from sampling within the
East Greenland Current. Our multiple zonal sections also
allow for a more detailed inverse analysis. The South Atlantic

" sections benefit from being closed, whereas the section
occupied by Stoll et al. [1996] could not explicitly address
transport via the Canadian Arctic Archipelago, the English
Channel, and the Irish Sea. For example, Lundberg and
Haugan [1996] estimate the net mass transport through the
Canadian Archipelago to be 1.4 x 10° kg s with a mean
TCO, concentration of ~2070 umol kg . This implies a
nonnegligible transport of ~3000 kmol s via this route.
Sections which resolve this transport pathway (e.g., sections
across the Labrador Sea) should be incorporated into any
future inverse analysis of net inorganic carbon transport
within the northern North Atlantic.

8. Summary

The transport of inorganic carbon across six zonal sections
occupied between 11°S and 30°S in the South Atlantic Ocean
has been estimated. During the early 1990s, the transport
was directed southward, decreased slightly toward the south,

and was -2150 + 200 kmol s across 20°S. This transport
includes a large contribution associated with a barotropic
velocity required to satisfy the salt flux constraint measured
at the Bering Strait. While estimation of this contribution is
not essential for assessing the inorganic carbon uptake by the
North Atlantic overturning circulation and was not incorpo-
rated into several earlier estimates of ocean carbon transport,
it is critical for assessing the ocean carbon transport diver-
gence between the Bering Strait and the South Atlantic, The
principal sources of uncertainty in the transport estimates
originate with the Ekman component of the transport,
particularly at low latitudes, together with uncertainties in
determining the barotropic component of the velocity field.
The barotropic transport uncertainty was reduced through use
of an inverse model and could probably be reduced further by
the use of more sophisticated inverse calculations and addi-
tional constraints. To lower the uncertainty in the Ekman
transport, a better knowledge of the annual wind stress will be
required. A better understanding of the effects of seasonal
variations of the carbon transport is required.

By estimating the anthropogenic component of the TCO,
distribution, it was shown that there was a net northward
transport of anthropogenic carbon across 20°S of 430 kmol
s, This transport increased toward the north. By difference,
the preindustrial southward transport of inorganic carbon
across 20°S was -2580 kmol s . The preindustrial transports
show net convergence of both CO, and O, between 10°S and
30°S, suggesting that this region was a net source of both
gases for the atmosphere during the preindustrial era, consis-
tent with thermal forcing of the gas flux. Our transport
estimates also suggest that transport of anthropogenic carbon
by the upper limb of the meridional overturning circulation
may supply a significant fraction of the anthropogenic CO,
which is currently being stored within the North Atlantic
Ocean.

Appendix

The constraints used in the inverse model analysis were as
follows:
1. The total salt transport across the South Atlantic zonal
sections is 26.7 x 10% kg s, This constraint is based on the
salt transport through the Bering Strait and the assumption
of a steady state salt balance within the North Atlantic.
Note that this is a departure from the more commonly used
constraint of net mass transport used for heat transport
calculations.
2. Salt is conserved in boxes bounded by the different
sections and/or the continents in the horizontal plane and
by specified density surfaces in the vertical plane. The
vertical layers include those used by MacDonald [1993]
and Roemmich {1983] and are listed in the caption to
Figure 4.
3. There is no net meridional flow within layers deeper
than 3000 dbar in the eastern basin of the South Atlantic
because of the blocking of such flows by the Walvis and
Mid-Atlantic Ridges.
4. The transport of the Brazil current at 30°S (vertical
extent of 0-600 m) is taken to be 10 x 10° kg s southward,
and the flow of Antarctic Bottom Water (o, > 45.92)
through the Vema Channel is 5 x 10° kg s™! northward. The
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values of these transports were determined from direct
current measurements [Holfort, 1994; Holfort et al.,
manuscript in preparation, 1998).

5. Keeling and Peng [1995] applied the constraint that the
net meridional transport of phosphate across the equator
should equal the phosphate transport through Bering Strait
(about 1.7 kmol s!). Use of a similar constraint in our
inverse calculation significantly restricted the range of
valid solutions and better constrained the heat, water and
carbon transports, while only slightly altering their mean
values (Holfort et al., manuscript in preparation, 1998).
However, it is probably more appropriate to assume a
balance for total phosphorus in the Atlantic, which suggests
that the transport of organic phosphorus must also be
considered. There are surprisingly few measures of total
phosphorus in the open ocean, yet dissolved organic forms
of phosphorus constitute 50-100% of the phosphorus in the
ocean's surface layer. Measurements at the Hawaii Ocean
Time Series Site [e.g., Karl and Tien, 1997] show dis-
solved organic phosphorus concentrations of 0.1 - 0.3
pmol kg within the upper 500 m, dropping to <0.05
umol kg below 1000 m. If such levels are typical of the
South Atlantic, there is a potential net northward transport
of organic phosphorus of the order of 10 x 10° kg s! x
0.25 umol kg or 2.5 kmol s associated with transport
within the upper layers of the ocean. This is presumably
balanced by a net southward transport of inorganic phos-
phorus (phosphate) which is in addition to the phosphate
transported through the Bering Strait. Without data on the
concentration of organic phosphorus, there is considerable
uncertainty in how to exactly specify the phosphate trans-
port constraint. Hence during the inverse analysis, three
separate variants of the phosphate transport constraint were
applied which bound a reasonable set of possibilities: (1)
The phosphate transport was specified to be identical
across all of the South Atlantic sections, but its magnitude
was not specified. The phosphate transport which resulted
from applying this variant of the constraint was generally

between 4 and 8 kmol s southward. (2) A phosphate
transport of 2 kmol s southward across all sections was
specified (very similar to the constraint used by Keeling
and Peng [1995]). (3) A net phosphate transport of 4 kmol
s! southward across all sections was assumed in order to
balance the likely net northward transport of organic
phosphorus as well as the Bering Strait input.

For the results presented in this paper, most weight was
assigned to the 4 kmol s™! constraint.
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